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PREFACE

Step-growth polymerization continues to receive intense academic and industrial
attention for the preparation of polymeric materials used in a vast array of appli-
cations. Polyesters used in fibers, containers and films are produced globally at a
rate of millions of metric tons per year. Polyamides (1.7M metric tons) and poly-
carbonates (1.6M metric tons) led the global engineering polymers marketplace in
2000. High temperature engineering liquid crystalline polyesters were projected
to grow an amazing 13 to 15% per year from 2001–2006. A step-wise polymer-
ization mechanism serves as the fundamental basis for these polymer products,
and future discoveries will require fundamental mechanistic understanding and
keen awareness of diverse experimental techniques.

This text was not intended to be comprehensive, but serve as a long-standing
resource for fundamental concepts in step-growth polymerization processes and
experimental methodologies. Ten invited chapters provide a review of major
classes of macromolecules prepared via step-growth polymerization, including
polyesters, polyamides, polyurethanes, polyimides, poly(arylene ethers), and phe-
nolic resins. Moreover, recent advances in acyclic diene metathesis polymeriza-
tion and transition metal coupling represent exciting new directions in step-growth
processes. The final chapter describes processes for subsequent recycling and
depolymerization of step-growth polymers, which are important considerations
as we attempt to minimize the negative impact of step-growth polymers on our
environment. In addition to providing a literature review of this rapidly evolv-
ing research area, special attention was devoted to the incorporation of detailed
experimental methodologies enabling researchers with limited polymerization
experience to quickly impact this field. We would like to express our gratitude
to the chapter authors for their valuable contributions, and we hope that this text
will cultivate new ideas and catalyze discoveries in your laboratory.

MARTIN E. ROGERS

TIMOTHY E. LONG

xi



1 Introduction to Synthetic
Methods in Step-Growth Polymers

Martin E. Rogers
Luna Innovations, Blacksburg, Virginia 24060

Timothy E. Long
Department of Chemistry, Virginia Polytechnic Institute and State University,
Blacksburg, Virginia 24061

S. Richard Turner
Eastman Chemical Company, Kingsport, Tennessee 37662

1.1 INTRODUCTION

1.1.1 Historical Perspective

Some of the earliest useful polymeric materials, the Bakelite resins formed
from the condensation of phenol and formaldehyde, are examples of step-growth
processes.1 However, it was not until the pioneering work of Carothers and his
group at DuPont that the fundamental principles of condensation (step-growth)
processes were elucidated and specific step-growth structures were intentionally
synthesized.2,3 Although it is generally thought that Carothers’ work was lim-
ited to aliphatic polyesters, which did not possess high melting points and other
properties for commercial application, this original paper does describe amor-
phous polyesters using the aromatic diacid, phthalic acid, and ethylene glycol as
the diol. As fundamental as this pioneering research by Carothers was, the major
thrust of the work was to obtain practical commercial materials for DuPont. Thus,
Carothers and DuPont turned to polyamides with high melting points and robust
mechanical properties. The first polymer commercialized by DuPont, initiating
the “polymer age,” was based on the step-growth polymer of adipic acid and
hexamethylene diamine — nylon 6,6.4 It was not until the later work of Whin-
field and Dickson in which terephthalic acid was used as the diacid moiety and
the benefits of using a para-substituted aromatic diacid were discovered that
polyesters became commercially viable.5

Synthetic Methods in Step-Growth Polymers. Edited by Martin E. Rogers and Timothy E. Long
 2003 John Wiley & Sons, Inc. ISBN: 0-471-38769-X
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2 INTRODUCTION TO SYNTHETIC METHODS IN STEP-GROWTH POLYMERS

In these early days of polymer science, the correlation of structure and prop-
erty in the newly synthesized structures was a daunting challenge. As Carothers
said, “problem of the more precise expression of the relationships between the
structures and properties of high polymers is complicated by the fact that some
of the properties of this class of substances which are of the greatest practical
importance and which distinguish them most sharply from simple compounds
can not be accurately measured and indeed are not precisely defined. Examples
of such properties are toughness and elasticity” (ref. 6, p. 317).

Today, step-growth polymers are a multi-billion-dollar industry. The basic fun-
damentals of our current understanding of step-growth polymers from monomer
functionality to molecular weight distribution to the origins of structure–property
relationship all had their beginnings in the pioneering work of Carothers and
others at DuPont. A collection of these original papers offers an interesting and
informative insight into the development of polymer science and the industry that
it spawned.7

1.1.2 Applications

In general, step-growth polymers such as polyesters and polyamides possess
more robust mechanical properties, including toughness, stiffness, and higher
temperature resistance, than polymers from addition polymerization processes
such as polyolefins and other vinyl-derived polymers. Even though many com-
mercial step-growth polymerization processes are done on enormous scale using
melt-phase processes, most step-growth-based polymers are more expensive than
various vinyl-based structures. This is, at least in part, due to the cost of the
monomers used in step-growth polymerizations, which require several steps from
the bulk commodity petrochemical intermediates to the polymerizable monomer,
for example, terephthalic acid from the xylene stream, which requires oxidation
and difficult purification technology. These cost and performance factors are key
to the commercial applications of the polymers.

Most of the original application successes for step-growth polymers were
as substitutes for natural fibers. Nylon-6,6 became an initial enormous success
for DuPont as a new fiber. Poly(ethylene terephthalate) (PET) also found its
initial success as a textile fiber. An examination of the polymer literature in the
1950s and 1960s shows a tremendous amount of work done on the properties
and structures for new fibers. Eventually, as this market began to mature, the
research and development community recognized other commercially important
properties for step-growth polymers. For example, new life for PET resulted
from the recognition of the stretch-blow molding and barrier properties of this
resin. This led to the huge container plastics business for PET, which, although
maturing, is still fast growing today.

The remainder of this introductory chapter covers a few general but important
parameters of step-growth polymerization. References are provided throughout
the chapter if further information is desired. Further details of specific polymers
made by step-growth polymerization are provided in subsequent chapters within
this book.
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1.2 STRUCTURE–PROPERTY RELATIONSHIPS IN
STEP-GROWTH POLYMERS

1.2.1 Molecular Weight

Polymers produced by step-growth polymerization are composed of macro-
molecules with varying molecular weights. Molecular weights are most often
reported as number averages, Mn, and weight averages, Mw. Rudin, in The Ele-
ments of Polymer Science and Engineering, provides numerical descriptions of
molecular weight averages and the derivation of the molecular weight averages.8

Other references also define molecular weight in polymers as well as methods
for measuring molecular weights.8 – 11 Measurement techniques important to step-
growth polymers include endgroup analysis, size exclusion chromatography, light
scattering, and solution viscometry.

The physical properties of polymers are primarily determined by the molecular
weight and chemical composition. Achieving high molecular weight during poly-
merization is critical if the polymer is to have sufficient thermal and mechanical
properties to be useful. However, molecular weight also influences the polymer
melt viscosity and solubility. Ease of polymer processing is dependent on the vis-
cosity of the polymer and polymer solubility. High polymer melt viscosity and
poor solubility tend to increase the difficulty and expense of polymer processing.

The relationship between viscosity and molecular weight is well
documented.12 – 14 Below a critical molecular weight, the melt viscosity increases
in proportion to an increase in molecular weight. At this point, the viscosity is
relatively low allowing the material to be easily processed. When the molecular
weight goes above a critical value, the melt viscosity increases exponentially with
increasing molecular weight. At higher molecular weights, the material becomes
so viscous that melt processing becomes more difficult and expensive.

Several references discuss the relation between molecular weight and physical
properties such as the glass transition temperature and tensile strength.15 – 17 The
nature of thermal transitions, such as the glass transition temperature and crystal-
lization temperature, and mechanical properties are discussed in many polymer
texts.8,17,18 Below a critical molecular weight, properties such as tensile strength
and the glass transition temperature are low but increase rapidly with increasing
molecular weight. As the molecular weight rises beyond the critical molecular
weight, changes in mechanical properties are not as significant. When developing
polymerization methods, knowledge of the application is necessary to determine
the target molecular weight. For example, polymers used as rigid packaging or
fibers require high strength and, consequently, high molecular weights.

Thermoplastic commercial step-growth polymers such as polyesters, poly-
carbonates, and polyamides are generally made with number-average molecular
weights in the range of 10,000–50,000 g/mol. Polymers within this molecular
weight range are generally strong enough for use as structural materials yet low
enough in melt viscosity to be processable at a reasonable cost.

Thermosetting resins are combined with fibers and other fillers to form compo-
sites.19 Thermosetting resins with low viscosities are necessary to wet fibers or
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other fillers and to allow efficient processing and application prior to curing.
When preparing thermosetting resins, such as unsaturated polyesters, phenolics,
and epoxides, it is necessary to minimize viscosity by severely limiting molecu-
lar weight.

For example, the molecular weight of unsaturated polyesters is controlled to
less than 5000 g/mol. The low molecular weight of the unsaturated polyester
allows solvation in vinyl monomers such as styrene to produce a low-viscosity
resin. Unsaturated polyesters are made with monomers containing carbon–carbon
double bonds able to undergo free-radical crosslinking reactions with styrene
and other vinyl monomers. Crosslinking the resin by free-radical polymerization
produces the mechanical properties needed in various applications.

Step-growth polymerizations can produce polymers with a wide range of
physical properties. Polysiloxanes made from the step-growth polymerization of
silanols have among the lowest glass transition temperatures. Polydimethyl silox-
anes have a glass transition temperature near −125◦C. On the other hand, step-
growth polymerization produces polyimides and polybenzoxazoles with glass
transition temperatures of 300◦C to over 400◦C.20,21

Even within a particular class of polymers made by step-growth polymeriza-
tion, monomer composition can be varied to produce a wide range of polymer
properties. For example, polyesters and polyamides can be low-Tg, amorphous
materials or high-Tg, liquid crystalline materials depending on the monomer com-
position.

The dependence of polymer properties on chemical compositions is reviewed
in basic polymer texts.9,10 The backbone structure of a polymer defines to a large
extent the flexibility and stability of a polymer molecule. Consequently, a great
range of polymer properties can be achieved within each class of step-growth
polymers by varying the backbone structure using different monomers.

The most common backbone structure found in commercial polymers is the
saturated carbon–carbon structure. Polymers with saturated carbon–carbon back-
bones, such as polyethylene, polypropylene, polystyrene, polyvinyl chloride, and
polyacrylates, are produced using chain-growth polymerizations. The saturated
carbon–carbon backbone of polyethylene with no side groups is a relatively
flexible polymer chain. The glass transition temperature is low at −20◦C for
high-density polyethylene. Side groups on the carbon–carbon backbone influence
thermal transitions, solubility, and other polymer properties.

Nearly all of the polymers produced by step-growth polymerization contain
heteroatoms and/or aromatic rings in the backbone. One exception is polymers
produced from acyclic diene metathesis (ADMET) polymerization.22 Hydrocar-
bon polymers with carbon–carbon double bonds are readily produced using
ADMET polymerization techniques. Polyesters, polycarbonates, polyamides, and
polyurethanes can be produced from aliphatic monomers with appropriate func-
tional groups (Fig. 1.1). In these aliphatic polymers, the concentration of the
linking groups (ester, carbonate, amide, or urethane) in the backbone greatly
influences the physical properties.
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Figure 1.1 Aliphatic step-growth polymers.

Increasing the methylene content increases the melting point, eventually tend-
ing toward the Tm of polyethylene at low linking group concentrations. The linear
aliphatic polyesters and polycarbonates have relatively low Tg’s (−70 to −30◦C)
and melting points below 100◦C. The linear aliphatic polyesters and polycar-
bonates are not used as structural materials due to the low melting temperatures
and limiting hydrolytic stability. Aliphatic polyesters are used as soft-segment
polyols in polyurethane production.

In contrast to the polyesters and polycarbonates, the linear aliphatic polyamides
and polyurethanes have high melting points and higher glass transition temper-
atures as the amide and urethane linking groups participate in intermolecular
hydrogen bonding. In Chapter 3 of Polymer Chemistry, Stevens discusses the
influence of hydrogen bonding in polyamides compared with polyesters.9 Stevens
notes that poly(hexamethylene adipamide) melts at 265◦C compared to 60◦C for
poly(hexamethylene adipate).9

Aromatic groups in the polymer backbone bring rigidity and thermal stability
to the polymer molecule (Fig. 1.2). Consequently, the demands of high-strength
and high-temperature applications are met by polymers with a high aromatic
content in the backbone. Polymers with a particularly high aromatic content can
show main-chain liquid crystallinity.

Aromatic polymers are often more difficult to process than aliphatic polymers.
Aromatic polyamides have to be processed from very aggressive solvents such
as sulfuric acid. The higher melting temperatures and viscosity also make melt
processing more difficult. Thermal stability and processing of aromatic polymers
can be balanced by the use of flexible spacing groups in between aromatic rings
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Figure 1.2 Aromatic step-growth polymers.

on a polymer backbone. Hexafluoroisopropylidene, isopropylidene, oxygen, car-
bonyl, and sulfonyl bridging groups between rings increase opportunities for bond
rotation, which decreases Tg’s and increases solubility. Also, incorporating non-
symmetrical monomers with meta and ortho linkages causes structural disorder
in the polymer chain, improving processability. Flexible groups pendant to an
aromatic backbone will also increase solubility and processability.

The following chapters will provide detailed discussions of the structure–pro-
perty relations with various classes of step-growth polymers.

1.2.2 Polymer Architecture

Block copolymers are composed of two different polymer segments that are
chemically bonded.23,24 The sequential arrangement of block copolymers can vary
from diblock or triblock copolymers, with two or three segments respectively,
to multiblock copolymers containing many segments. Figure 1.3 is a schematic
representation of various block copolymer architectures. The figure also includes
graft and radial block copolymers. Step-growth polymerization can be used effec-
tively to produce segmented or multiblock copolymers and graft copolymers.
Well-defined diblock and triblock copolymers are generally only accessible by
chain-growth polymerization routes.

A variety of morphologies and properties can be achieved with microphase-
separated block copolymers. Copolymers of hard and soft polymer segments have
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A Homopolymer B Homopolymer

A−B Copolymer

A−B−A Triblock copolymer

Radial or star copolymer

Graft copolymer

Figure 1.3 Various block copolymer architectures.

a variety of properties depending on their composition. Copolymers with small
amounts of a soft segment will behave as a toughened glassy polymer while
copolymers made predominately of the soft segment will act as a thermoplas-
tic elastomer.

The thermal properties of block copolymers are similar to physical blends
of the same polymer segments. Each distinct phase of the copolymer displays
unique thermal transitions, such as a glass transition and/or a crystalline melting
point. The thermal transitions of the different phases are affected by the degree
of intermixing between the phases.

Segmented or multiblock copolymers can be made by combining a function-
ally terminated oligomer or prepolymer with at least two monomers. To form a
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segmented copolymer, the backbone oligomer must not be able to participate in
interchange reactions with the monomers. For example, combining a polyester
oligomer with a diacid and diamine in a melt polymerization might result in
interchange reactions between the monomers and the ester linking groups in the
oligomer backbone. In this case a random polyesteramide copolymer would be
produced instead of a segmented copolymer. Commercial examples of segmented
copolymers produced by step-growth polymerization include polyester–polyether,
polyurethane–polyether, and polyurethane–polyester copolymers.

Multifunctional monomers with functionality greater than 2 can be used to
form three-dimensional polymer structures during step-growth polymerization.
Incorporating multifunctional monomers, Ax , with AA and BB monomers results
in crosslinking between polymer chains and eventual gelation. The point at which
gelation occurs depends on the average functionality of the monomer mixture and
the conversion of functional groups.25

Adding small amounts of multifunctional monomers results in branching of
the main polymer chain. The branched polymer will have a higher polydispersity
and melt viscosity than analogous linear polymers. Branching agents are often
used to modify the melt viscosity and melt strength of a polymer. Branching in
step-growth polymers also changes the relationship between melt viscosity and
the shear applied to a melt. Branched polymers tend to undergo a greater degree
of shear thinning than unbranched linear polymers.

Monomers of the type AxBy are used in step-growth polymerization to produce
a variety of polymer architectures, including stars, dendrimers, and hyperbranched
polymers.26 – 28 The unique architecture imparts properties distinctly different from
linear polymers of similar compositions. These materials are finding applica-
tions in areas such as resin modification, micelles and encapsulation, liquid
crystals, pharmaceuticals, catalysis, electroluminescent devices, and analytical
chemistry.

Dendrimers are characterized by highly regular branching following a strict
geometric pattern (Fig. 1.4). Dendrimers are prepared in a multistep synthesis
often requiring purification between steps. One method of producing dendrimers
is known as the divergent method.29 Using the divergent approach, dendrimer
growth starts at the core and proceeds radially out from the center. Each layer is
built in a stepwise addition process.

In the convergent method, dendrimer growth begins with chain ends of “sur-
face functional groups” coupling with an ABy building block.30 This leads to
the next-generation dendron. The process can be repeated to build larger den-
drons. Finally, the dendrons can be attached to a polyfunctional core producing
a dendritic macromolecule.

Dendrimers produced by divergent or convergent methods are nearly per-
fectly branched with great structural precision. However, the multistep synthesis
of dendrimers can be expensive and time consuming. The treelike structure of
dendrimers can be approached through a one-step synthetic methodology.31 The
step-growth polymerization of ABx-type monomers, particularly AB2, results
in a randomly branched macromolecule referred to as hyperbranch polymers.
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Figure 1.4 Dendrimer structure.

The hyperbranch polymers differ from dendrimers in that perfect branching is
not achieved and additional linear units are present in the molecule (Fig. 1.5).
The extensive branching in hyperbranched polymers prevents crystallization and
results in amorphous materials. Hyperbranched materials are generally brittle
with low melt viscosity due to the lack of long chains to form entanglements.
These properties can be exploited as functional modifiers in crosslinking resins,32

thermoplastic processing aids,33 as well as components in adhesives and coatings.

1.3 SYNTHESIS OF STEP-GROWTH POLYMERS

Many synthetic methodologies have been investigated for the synthesis of high-
molecular-weight step-growth polymers. However, only organic reactions that
proceed in a quantitative fashion (>99%) are suitable for the preparation of
high-molecular-weight linear polymers. The susceptibility of the electrophilic
carbonyl to nucleophilic attack has received significant attention in step-growth
polymerization processes and is widely utilized in commercially important
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Figure 1.5 Hyperbranch structure.

families of polymeric materials, including polyesters,34 polyamides, polyimides,
polyurethanes, polycarbonates,35 epoxy resins,36 and phenol-formaldehyde
polymers.37 Nucleophilic and electrophilic substitution reactions are also
employed in the synthesis of many other classes of step-growth polymers. For
example, poly(arylene ethers) are synthesized via the nucleophilic substitution
of an aryl halide with a diphenol in the presence of a basic catalyst. Diverse
polymer families are prepared using nucleophilic and electrophilic substitution
reactions in a step-growth polymerization, including aromatic poly(ketones),
poly(arylates), poly(phenylene sulfides), poly(sulfones), and poly(siloxanes).38,39

Transition metal coupling has also received recent attention for the synthesis of
high-performance poly(arylenes) or poly(aryl alkenes).40,41 In addition, nonpolar
polymers are readily prepared via recent advances in step-growth polymerization
using ADMET polymerization.42

A diverse array of polymeric compositions are attainable using step-growth
polymerization processes; however, many experimental criteria must be addressed
in order to achieve well-defined compositions and predictable molecular weights.
In order to achieve high molecular weight in a step-growth polymerization pro-
cess, the synthetic methodologies described above must meet certain well-esta-
blished criteria. The following essential criteria are often cited for the successful
preparation of high-molecular-weight linear polymers:
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1. high reaction conversions (>99.9%) as predicted using the Carothers’
equation,

2. monomer functionality (f ) equal to 2.0,
3. functional group stoichiometry equal to 1.0,
4. absence of deleterious side reactions that result in loss of monomer func-

tionality,
5. efficient removal of polymerization condensates, and
6. accessibility of mutually reactive groups.43

Most introductory polymer textbooks discuss the growth of molecular weight for a
step-growth polymerization process. High molecular weight is not achieved until
high monomer conversions are reached.44 This is in sharp contrast to free-radical
addition polymerizations where high-molecular-weight polymers are produced at
relatively low conversions.

The Carothers equation relates the number-average degree of polymerization to
the extent of reaction and average functionality of a step-growth polymer. In the
Carothers equation, the number-average degree of polymerization, Xn, relates to
the extent of reaction, p, and average functionality, favg, of the polymer system:

Xn = 2

2 − pf avg

The molecular weight of a polymer will be reduced if either the extent of conver-
sion or the average functionality is decreased. At 95% conversion of difunctional
monomers, for example, Xn is only 20.25 The molecular weight is also related to
a stoichiometric imbalance, r , which is normally defined to be less than 1.0:

Xn = 1 + r

1 − r
or r = Xn − 1

Xn + 1

The number-average molecular weight of a polymer may be controlled by offset-
ting the stoichiometry of two dissimilar mutually reactive difunctional monomers.
The polymer will have the same endgroup functionality as that of the monomer
used in excess. For a generic polymer made from a difunctional monomer AA
with A functional groups and an excess of difunctional monomer BB with B
functional groups, r is defined as

r = NA

NB

where NA is the moles of A functional groups and NB is the moles of B func-
tional groups. The amount of AA and BB monomer used is then 1

2NA and 1
2NB,

respectively.
The molecular weight can also be controlled by adding a monofunctional

monomer. The monofunctional endgroup, B, has the same functionality as mono-
mer BB. In this case, the moles of A functional groups in the difunctional
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monomer, AA, is given as NA and the moles of AA is 1
2NA. The moles of B

functional group in the difunctional monomer, BB, is given as NB and the moles
of BB is 1

2NB. The moles of B functionality in the monofunctional endgroup, B,
is given as N ′

B which is also equal to the moles of B. The moles of monomers,
both mono- and difunctional, containing B functional groups is 1

2NB + N ′
B. Thus,

the stoichiometric imbalance is defined as

r =
1
2NA

1
2NB + N ′

B

and simplifies to

r = NA

NB + 2N ′
B

The derivation of these important equations is described in detail in earlier intro-
ductory texts.25,41 – 45

Generally, NA is assigned an arbitrary value and the values of NB and N ′
B

must be calculated. To determine NB and N ′
B, two equations must be solved. The

first comes from the above equation, which rearranges to

NB + 2N ′
B = NA

r

In order to obtain polymers that are only end capped with the monofunctional end
group, the moles of B functional groups must equal the moles of A functional
groups. This is expressed in a second equation as

NB + N ′
B = NA

By solving these two equations simultaneously, NB and N ′
B can be determined.

Figure 1.6 summarizes the impact of the functional group conversion on the
molecular weight.46 High reaction conversion (p) is required to achieve high
molecular weight for linear step-growth polymerization processes.47

Although most step-growth polymerizations involve the formation of a volatile
condensate, this is not a prerequisite for step-growth polymerization, and poly-
urethane formation is a classic example of a step-growth polymerization that does
not form a low-molar-mass condensate.48 Thus, step growth defines the polymer-
ization process in terms of the basic mechanism, and step-growth polymerization
is preferred terminology compared to earlier terms such as condensation poly-
merization. However, in most instances when a condensate is formed, efficient
removal of the condensate using either low pressures (typically 0.1–0.5 mm Hg)
or a dry nitrogen purge at high temperatures is required. In addition, efficient
agitation and reactor engineering have received significant attention in order to
facilitate removal of condensates and ensure accessibility of mutually reactive
functional groups. This is especially important in melt polymerization processes
where the zero shear melt viscosity (ηo) is proportional to the 3.4 power of the
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Figure 1.6 Relationship of degree of polymerization to conversion of functional groups
in step-growth polymerizations.

weight-average molecular weight.49 Thus, as molecular weight increases with
conversion, the melt viscosity increases dramatically and the requirement for
efficient agitation and condensate removal becomes more important.

Linear step-growth polymerizations require exceptionally pure monomers in
order to ensure 1 : 1 stoichiometry for mutually reactive functional groups. For
example, the synthesis of high-molecular-weight polyamides requires a 1 : 1
molar ratio of a dicarboxylic acid and a diamine. In many commercial pro-
cesses, the polymerization process is designed to ensure perfect functional group
stoichiometry. For example, commercial polyesterification processes often utilize
dimethyl terephthalate (DMT) in the presence of excess ethylene glycol (EG) to
form the stoichiometric precursor bis(hydroxyethyl)terephthalate (BHET) in situ.

Step-growth polymerization processes must be carefully designed in order to
avoid reaction conditions that promote deleterious side reactions that may result
in the loss of monomer functionality or the volatilization of monomers. For
example, initial transesterification between DMT and EG is conducted in the
presence of Lewis acid catalysts at temperatures (200◦C) that do not result in
the premature volatilization of EG (neat EG boiling point 197◦C). In addition,
polyurethane formation requires the absence of protic impurities such as water to
avoid the premature formation of carbamic acids followed by decarboxylation and
formation of the reactive amine.50 Thus, reaction conditions must be carefully
chosen to avoid undesirable consumption of the functional groups, and 1 : 1
stoichiometry must be maintained throughout the polymerization process.

As mentioned previously, the use of multifunctional monomers results in
branching. The introduction of branching and the formation of networks are
typically accomplished using trifunctional monomers, and the average function-
ality of the polymerization process will exceed 2.0. As the average function-
ality increases, the extent of conversion for network formation decreases. In
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many instances, the trifunctional or higher functional monomers contain reac-
tive groups that are identical to the difunctional monomers. For example, pen-
taerythritol (f = 4) and 1,3,5-benzene tricarboxylic acid (f = 3) and trimellitic
anhydride (f = 3) are commonly used in polyesterification. Many novel fami-
lies of step-growth polymers are attained through the judicious combination of
controlled endgroup functionality, extent of branching, and molecular weight.
Hyperbranched step-growth polymers have received significant review in the lit-
erature and are an exquisite example of controlled functionality and topology
using well-defined monomer functionality.51
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2 Polyesters

Alain Fradet and Martine Tessier
Chimie des Polymères, Université Pierre et Marie Curie, Paris, France

2.1 INTRODUCTION

Polyesters are defined as polymers containing at least one ester linking group per
repeating unit. They can be obtained by a wide range of reactions, the most impor-
tant being polyesterifications between dibasic acids and diols or their derivatives
(Scheme 2.1).
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Scheme 2.1

Many other reactions have been reported for the synthesis of polyesters, such
as reactions between dicarboxylic acid salts and dialkyl halides, reactions between
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chlorocarbonyloxy-terminated monomers and diacids, or reactions between
bisketenes and diols. These reactions, however, cannot be applied to the synthesis
of high-molar-mass polyesters under economically viable conditions and are
limited to very specific laboratory-scale syntheses. Two notable exceptions are
the ring-opening polymerization of lactones and lactides for the production of
degradable polyesters and the biosynthesis of aliphatic polyesters by bacteria or
genetically modified plants.

The polyester family is extremely large and, depending on the nature of R1

and R2 (Scheme 2.1), exhibits an enormous variety of structures, architectures,
properties, and, therefore, applications. Aliphatic polyesters comprise (i) linear
low-molar-mass hydroxy-terminated macromonomers used in the synthesis
of polyurethanes, (ii) biodegradable and bioabsorbable thermoplastic linear
polyesters such as polylactides and polylactones, and (iii) the recently described
hyperbranched polyesters applied as crosslinkers in coatings or as rheology
modifiers in thermoplastics. Aliphatic–aromatic polyesters such as poly(ethylene
terephthalate) (PET) and poly(butylene terephthalate) (PBT) are processed
into economically important fibers, films, and engineering thermoplastics.
Wholly aromatic copolyesters exhibit superior mechanical properties and heat
resistance and have found a number of applications as high-performance
thermoplastics. Unsaturated polyesters and alkyd resins (glyptal resins) are
thermosetting resins widely used in the coating and composite industries. The
polyester family comprises not only thermoplastic polymers and thermosetting
resins but also rubberlike polymers: Polyester thermoplastic elastomers (ester
TPEs) — copolyesters of terephthalic acid, 1,4-butanediol, and dihydroxy
aliphatic polyethers — associate the mechanical properties of rubber with
the processing characteristics of thermoplastics. Many other ester-containing
polymers could be added to the polyester family, such as polyesteramides,
obtained by reaction between diacids, diols and diamines; polyestercarbonates,
prepared by reaction of ester-containing monomers; or block copolyesters,
prepared by reactions of polyester macromonomers. Polycarbonates, sometimes
considered as a special class of polyesters, are described in Chapter 3.

Polyesters are now one of the economically most important classes of poly-
mers, with an overall world production between 25 and 30 million tons in 2000,
consisting mostly of PET. This production is rapidly increasing and is expected
to continue to do so during the next decade, driven by packaging applications,
due to a very favorable image of environmentally friendly and recyclable poly-
mers in western countries, and by textile applications, due to a strong demand in
the far-east area to satisfy the needs of an increasing population.

The synthesis and properties of polyesters have been treated in numerous
encyclopedia and general review articles.1 – 9 This chapter, therefore, does not
discuss these aspects extensively but focuses more on recent academic and
industrial research developments in polyesters and on the practical aspects of
polyester synthesis.
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2.1.1 History

It has been known since the early nineteenth century that heating carboxylic
polyacids and glycerol resulted in resinous compounds, the exact composition
of which remained unknown. In the 1910–1920s, the General Electric Company
led extensive research on the chemistry of phthalic anhydride–glycerol reaction
and developed the technology of alkyd resins (glyptal resins), which are essen-
tially polyesters of phthalic anhydride, glycerol, and monocarboxylic unsaturated
fatty acids. These resins, readily soluble in aromatic or aliphatic hydrocarbons,
are still widely used in coatings, varnishes, and paints. However, the modern
history of polyesters began in the 1930s when Carothers10 – 12 proved the macro-
molecular theory of Staudinger from experimental studies on reactions between
aliphatic dibasic acids and diols and established the relationships between degree
of polymerization, conversion, functionality, and gel point, that is, the base rela-
tionships of step-growth polymerization. These polyesters had low melting points,
were sensitive to hydrolysis, and, therefore, were not suitable for commercial
applications. They could not compete with aliphatic polyamides (nylons), also
discovered in the 1930s by Carothers at DuPont Company.

To increase polyester melting point and to approach the thermomechanical
properties obtained with nylons, it was necessary to stiffen the polyester chain
by using rigid aromatic monomers instead of flexible aliphatic ones. This was
realized in the early 1940s in the laboratories of the Calico Printers Association
in the United Kingdom when Whinfield synthesized high-melting-point fiber-
forming polyesters from terephthalic acid and aliphatic diols.13,14 After World War
II the patent rights on these aliphatic–aromatic polyesters were shared between
I.C.I. and DuPont, and several members of this family became — and are still
today — major commercial polymers. Poly(ethylene terephthalate) (PET) is now
one of the most produced polymers, primarily for textile and packaging applica-
tions. Poly(butylene terephthalate) (PBT) finds uses as solid-state molding resin.
Poly(trimethylene terephthalate) (PTT), though described in Whinfield’s original
patent, is a newcomer in the commercial polyester family and has found its first
applications in the textile industry.

At the end of the 1930s, when Carothers and Flory were studying aliphatic
polyesters, a new type of thermosetting resin appeared,15 based on unsaturated
polyesters. Unsaturated polyesters are synthesized by reacting mixtures of satu-
rated and unsaturated dibasic acids or anhydrides with aliphatic 1,2-diols. The
thermosetting resin is obtained by dissolving this linear polyester in an unsatu-
rated monomer, such as styrene, capable of undergoing free-radical copolymer-
ization with the unsaturations in polyester chains. The liquid resin is transformed
into a rigid, insoluble, and infusible crosslinked polymer network after radical
polymerization in the presence of heat or catalysts. Unsaturated polyester (UP)
resins found their first applications in combination with glass fibers for protective
radar domes during World War II,8 but the technology was widely commercially
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available only in the mid-1950s. UPs are now one of the most important matrix
resin for glass-fiber-reinforced composite materials.

Although they were the first step-growth polymers fully characterized, it is
interesting to note that the first commercial applications of aliphatic polyesters
appeared only in the late 1950s and the 1960s, with the development of
polyurethane foams and elastomers (see Chapter 5).

The 1970s were a period of intensive research on block copolymers, especially
in step-growth polymerization. A number of polyester block copolymers
were reported in the literature, but only one found commercial success: the
polyesterether block copolymers marketed by DuPont under the tradename
Hytrel and exhibiting the characteristics of thermoplastic elastomers.16 During
this period and later in the 1980s, much attention was also focused on high-
performance wholly aromatic polyesters. Although the first publications on these
polyesters appeared at the end of the 1950s, the commercial introduction of
the first one, the amorphous poly(bisphenol-A isophthalate-terephthalate) (Union
Carbide’s Ardel), took place only in the mid-1970s.6 In spite of relatively
high cost, liquid crystalline thermotropic polyesters, such as poly(6-hydroxy-2-
naphthoic acid-co-4-hydroxybenzoic acid) (Ticona’s Vectra), described at the end
of the 1970s17, now find a number of applications in high-technology markets.

In the 1990s, environmental concerns began to be gaining ground. The versa-
tility of the ester linkage, able to undergo hydrolysis, alcoholysis, and acidolysis
in some conditions, makes polyesters the polymers of choice to fulfill the increas-
ing demand for recyclable and/or biodegradable polymers. This has resulted in
a renewed interest in aliphatic polyesters, such as poly(lactones), poly(lactides),
or copolyesters containing aliphatic moieties. PET production is also strongly
driven by the demand of recyclable polymers.

Polyester chemistry is the same as studied by Carothers long ago, but polyester
synthesis is still a very active field. New polymers have been very recently or will
be soon commercially introduced: PTT for fiber applications; poly(ethylene naph-
thalate) (PEN) for packaging and fiber applications; and poly(lactic acid) (PLA),
a biopolymer synthesized from renewable resources (corn syrup) introduced
by Dow-Cargill for large-scale applications in textile industry and solid-state
molding resins. Polyesters with unusual hyperbranched architecture also recently
appeared and are claimed to find applications as crosslinkers, surfactants, or
processing additives.

2.1.2 Applications
Polyesters are one of the most versatile classes of polymers ever produced,
covering a wide range of properties and applications. Polyesters are present in
fibers, engineering thermoplastics, and high-performance polymers as well as in
thermosetting resins and elastomers. Table 2.1 lists the chemical structure, abbre-
viations, and uses of some commercially important thermoplastic polyesters.

2.1.2.1 Thermoplastic Polyesters

In terms of volume and economic importance, thermoplastic polyesters are dom-
inated by PET, which has experienced a tremendous development in fibers and
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molding resins due to a strong demand for textile applications and in food pack-
aging and bottle markets for glass replacement. PET has a very favorable envi-
ronmentally friendly image, and recycling is a supplementary force driving PET
consumption. The 2000 world PET production can be estimated to be ca. 26 million
tons and, according to the forecasts of PET industry, is expected to reach a total
of 55 million tons by 2010.18 By comparison with the enormous volume of PET
produced, the production of other polyesters appears quite modest (Table 2.2).

2.1.2.1.1 Poly(ethylene terephthalate)

PET FIBERS Fibers are the largest end use for PET. The world production of PET
fibers surpassed that of nylon fibers in the beginning of the 1970s and has now
reached a level close to that of cotton, with about 18 million tons in 2000.19,20

PET fiber production is expected to grow during the next few years at a yearly
rate close to 7%, reaching 25 million tons by 2005.19 The growth of PET fiber
production may be assigned to the combination of many factors: low production
costs, excellent properties, ability to be blended with natural fibers such as cotton,
growing population and increasing wealth in the far-east area, and, depending on
their relative price, substitution for cotton or other man-made fibers such as
acrylic and polyamides.

Polyester fibers are available in a wide variety of fiber products: staple for
blending, filament yarns, high-strength industrial yarns, and nonwoven fabrics.
They are present in all segments of the textile market: garments, carpets, nonwo-
ven, and upholstery. Industrial applications include ropes, filters, conveyor belts,
and tire cords. The emergence of new high-technology polyester fibers such as
silklike very fine PET microfibers is also worth mention.

PET SOLID-STATE RESIN PET resin, the second largest application of PET, experi-
enced a double-digit yearly growth rate during the last decade21 and is expected
to continue to do so during the next one. The 2000 world production of PET
resin was close to 6.5 million tons, driven by food packaging applications, mainly
reheat stretch blow-molded bottles (87% of total resin) for carbonated and non-
carbonated soft drinks and water.22,23 PET bottles are also used for a number of
other beverages and foods, including syrups, pickled food, and salad dressing.
PET containers are also used in toiletries and cosmetics. The excellent price-to-
performance ratio of PET recently pushed the development of new, sophisticated
applications: Multilayer and coated high-barrier PET containers are reaching the
beer bottle market in Europe and the United States. This market is expected
to be a great opportunity of growth in PET demand during the next decade.23

Apart blow-molding applications, PET solid-state resin applications are extremely
diverse, ranging from sheet thermoforming applications to glass-fiber-reinforced
resin for injection-molding applications.

PET FILM Due to a slow crystallization rate in the unoriented state but rapid
crystallization upon orientation, PET is extremely well suited for the biaxial film
orientation process. In this process, the amorphous film obtained after extrusion
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TABLE 2.2 World Production and Prices of Some Commercially Important
Polyesters

Polyesters
World Productiona

(1000 tons)
Pricesb

(U.S.$/kg)

Thermoplastics

PET (total) 25,900
c

1.30–2.60
PET (fibers) 18,000

c

PET (solid-state resin) 6,300
c

PET (films) 1,000
c

PBT 400
d

2.20–2.60

PEN 40
e

8.90
e
–38.00

f

Polyarylate (PAR) —
g

3.90–4.70

Polyester LCPs 12
h

21.00–26.20

Thermoplastic elastomers 65
i

4.70–6.00

Macromonomers

Polyester polyols 730
j

—
g

Thermosetting resins
Alkyd resin —

g
1.90–2.10

Unsaturated polyester 1700
k

1.65–3.75

aEstimated 2000 world production unless otherwise specified.
bFrom www.plasticsnews.com for pure resin unless otherwise specified.
cRefs 18–20.
dRef. 443.
eRef. 24.
f PEN film price, ref. 444.
gData not available.
hRef. 35.
iRef. 37.
jRef. 47.
kRef. 48.

and quenching is successively drawn in two orthogonal directions, leading to
stress-induced crystallization with biaxial orientation of polymer chains in the
film plane. The resulting transparent film is ca. 50% crystalline and exhibits
excellent mechanical, thermal, and electrical insulating properties. PET film is the
base film for many photographic films and magnetic tapes. It is used as dielectric
film in capacitors and finds a number of applications in food and pharmaceutical
packaging. The world production of PET film is estimated to be 1 million tons,
increasing at a rate of ca. 5% per year.18

2.1.2.1.2 Other Aromatic–Aliphatic Thermoplastic Polyesters

PBT is mainly used as glass-fiber-reinforced engineering thermoplastic, although
PBT fibers can also be made. PBT crystallizes much more rapidly than PET and
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does not require nucleating agents for extrusion or injection-molding applications.
PBT crystallizes rapidly in mold at essentially room temperature. Moreover, due
to a lower melting point than PET, it can be molded at comparatively lower
molding temperature. This permits fast processing and rapid production cycles.
However, larger volumes and lower prices (Table 2.2) make PET a serious PBT
competitor for solid-state resin applications.

PEN presents many advantages over PET in terms of thermomechanical perfor-
mances. However, the cost of dimethyl 2,6-naphthalene dicarboxylate monomer
limits its present use to specific applications, for example, high performance long-
playing magnetic tapes, photographic film for advanced photo system (APS),
high-strength fibers, and aerospace-related products. Taking advantage of out-
standing barrier properties, PEN and PEN/PET copolymers are also expected
to find new applications in the pasteurizable, hot-fill, and returnable/refillable
container and bottle markets.24

Poly(1,4-cyclohexylenedimethylene terephthalate) (PCT) finds some niche
applications in the packaging market as amorphous, clear, extrusion, or injection-
molding material for films and bottles.

PTT was already mentioned in Whinfield and Dickson’s 1941 original patent13

that described PET and PBT. However, no economically viable route to 1,3-
propanediol monomer was available until the 1990s when Shell developed a
route based on ethylene oxide hydroformylation and Degussa a route based on
acrolein hydration/hydrogenation.25 Shell and DuPont launched respectively their
Corterra and Sorona PTT polymers in 2000. DuPont uses the acrolein route but
plans to produce 1,3-propanediol from cornstarch by a biotechnological process
in 2003.26 PTT fibers present a combination of properties, including stretch
recovery, resilience, softness of touch, dyeability, and easy care which, make
them very attractive for the fabric, carpet, and apparel markets. PTT is also
intended to compete for film and engineering thermoplastic applications with
PET, PBT, and polyamides.27 According to Shell Chemicals, the PTT demand is
expected to exceed 1 million tons by 2010.28

2.1.2.1.3 Wholly Aromatic Polyesters

This polyester class comprises amorphous high-Tg copolyesters, known as amor-
phous polyarylates, and semicrystalline polyesters that often exhibit anisotropic
liquid crystalline (LC) melts. Liquid crystalline polyesters are often termed as
polyester LCPs.

Copolyesters of bisphenol-A and iso- and terephthalic acid are amorphous
engineering thermoplastics with excellent heat and ultraviolet (UV) light resis-
tance and general properties that compare well with other engineering resins.
Their amorphous morphology imparts on them properties of transparency and
dimensional stability with somewhat low solvent resistance. Amorphous pol-
yarylates are light-yellow to amber transparent resins that find a number of niche
applications for injection-molded parts in automotive, electronics, safety and
building equipment — for example, headlight housings, fire helmets, face shields,
and transparent exterior parts such as solar energy components and glazing.
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Polyarylates can be blended with a wide range of commercially available ther-
moplastics, including polyamides, polycarbonates, polyetherketones, polyesters,
and poly(phenylene sulfide), thus broadening their application domain.

Liquid crystalline polyesters are copolyesters of rigid para-oriented monomers
such as 4-hydroxybenzoic acid, hydroquinone, terephthalic acid, or 2,6-
hydroxynaphthoic acid. They exhibit an LC mesophase in the molten state,
usually a nematic one: Due to high stiffness, polymer chains tend to line up
parallel to each other, instead of forming random coils and isotropic melts.
This unique structure is retained in the semicrystalline solid forming materials
termed as “self-reinforced” thermoplastic resins, by analogy with fiber-reinforced
polymers. Polyester LCPs offer a combination of properties that makes them
extremely well suited for precision molding of small parts: extremely high melt
fluidity, high heat resistance and dimensional stability, exceptional tensile strength
and modulus in the flow direction, and low-temperature expansion coefficient.
Their major market is electronics in applications such as miniature connectors
with thin walls and surface-mount interconnection devices where LCP flow
properties allow high yield molding.29,30 Other applications comprise precision
parts for audiovisual equipment and under-hood parts for automotive industry.
Owing to their outstanding barrier properties to oxygen, carbon dioxide, and water
vapor, applications as barrier layer in multilayer packaging materials are also
under consideration.30 – 33 Following analysts, LCP demand is growing at a yearly
rate higher than 20% from a 2000 production estimated to be ca. 12,000 tons.34,35

2.1.2.1.4 Polyester Thermoplastic Elastomers

Thermoplastic elastomers (TPEs) are polymers that present the typical mechanical
properties of rubber and the processing ease of thermoplastics. Polyester TPEs
are multiblock copolymers containing blocks of amorphous low-Tg polyether
covalently bonded to blocks of semicrystalline PBT polyester. At service tem-
perature, the material exhibits biphasic morphology with microphase separation
between a low-Tg polyether-rich phase and a semicrystalline PBT-rich phase.
The semicrystalline microphase acts as physical crosslinks for the amorphous
low-Tg regions imparting the material properties of an elastomer. At processing
temperature, the PBT phase melts, allowing the polyester TPE to be processed
by conventional methods such as extrusion or injection-molding. Polyesterethers
are structurally related to linear polyurethanes (Chapter 5).16,36 A typical member
of this class of polyesters is DuPont’s Hytrel, a poly(poly(oxytetramethylene)-
block -poly(butylene terephthalate)) obtained by replacing some of 1,4-butanediol
by dihydroxy-poly(oxytetramethylene) polyether in PBT synthesis. Depending on
the polyether–PBT ratio, polyester TPE properties range from that of rubbery
polymers to that of rigid engineering thermoplastics. They replace thermoplas-
tics when improved impact resistance, flexural and compressive properties, and
spring characteristics are required: industrial and automotive hydraulic tubing,
hoses, gaskets and bellows; autoclavable medical tubing; and jacketing for elec-
trical and fiber-optics cable. Because of their high water vapor permeability,
some polyoxyethylene polyether-based grades are used as waterproof breathable
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films in the manufacture of outer garments, tents, and footwear.37 Polyester TPE
production and prices are reported in Table 2.2.

2.1.2.1.5 Degradable Polyesters

The ester linkage of aliphatic and aliphatic–aromatic copolyesters can easily be
cleaved by hydrolysis under alkaline, acid, or enzymatic catalysis. This feature
makes polyesters very attractive for two related, but quite different, applications:
(i) bioresorbable, bioabsorbable, or bioerodible polymers and (ii) environmentally
degradable and recyclable polymers.

BIORESORBABLE POLYESTERS Bioresorbable implants, for instance orthopedic fix-
ations or sutures, are devices designed to slowly degrade in the body after
implantation so that a second surgical intervention is not required for implant
removal after healing. Polyesters and copolyesters of lactic acid and glycolic
acid (Table 2.3) have been used as bioresorbable sutures since the 1960s. These
polyesters exhibit a set of properties that makes them the ideal bioresorbable
polymers: They have good mechanical and processing properties, can be ster-
ilized, give no toxic or inflammatory response, and are slowly and completely
hydrolyzed into natural metabolic by-products that are eliminated by the body.
Since then, other polymers have been accepted for use as bioresorbable poly-
mers: poly(dioxanone) (PDO), poly(trimethylene carbonate) (PTC), and poly(ε-
caprolactone) (PCL) and their copolymers.38 Copolymer composition can be
adjusted to fulfill a large range of properties and degradation times. Polyesters
produced by microorganisms, such as poly(hydroxyalkanoic acid) (PHA), have
also been considered for use in biomedical devices.39,40 However, synthetic
biodegradable polymers are generally preferred for such applications since they
offer a more reliable source of raw material with respect to antigenicity con-
cerns.38 Bioresorbable polymers can be melt processed by conventional methods
such as injection-molding, compression-molding, and extrusion. Sterilization is
achieved by irradiation or by exposure to ethylene oxide. They are used in wound
closure (sutures, staples), osteosynthetic materials (orthopedic fixation devices:
pins, screws, rods, bone plates), cardiovascular surgery (stents, grafts), and intesti-
nal surgery (anastomosis rings).41 They also find interesting applications as matrix
materials for implanted drug release devices or drug-containing microspheres or
microcapsules.41,42

ENVIRONMENTALLY DEGRADABLE POLYESTERS The use of environmentally biodegrad-
able/compostable harmless plastics — ecofriendly plastics — that disappear after
a few weeks or months in soil is an elegant way of dealing with solid waste dis-
posal — a crucial problem for large modern cities. Environmentally degradable
polymers are defined as polymers that are hydro-biodegradable and completely
converted by microorganisms to carbon dioxide (or methane in anaerobic con-
ditions), water, and biomass. To be attractive, such polymers should present
the thermomechanical properties of common plastics, typically between those of
low-density polyethylene and polypropylene, and should be melt processable by
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conventional methods. Aliphatic polyesters and aliphatic–aromatic copolyesters
are ideally suited to fulfill these specifications. During the last few years, a
number of companies have put biodegradable polymers on the market. Almost
all these polymers are polyesters or copolyesters: aliphatic polyesters such as
poly(ε-caprolactone), poly(butylene-co-ethylene succinate), poly(lactic acid) and
microbial poly(hydroxyalkanoic acid), copolyesters of terephthalic acid with var-
ious aliphatic diols and diacids, and polyesteramides (Table 2.3).

Price is of course the determining factor for applications including fast food
service cups, containers and cutlery, paper coatings, disposable films for food
packaging, ground covers, garden bags, and seed mats. The biodegradable plastics
market is expected to reach 90,000 tons/year by 2003 with an estimated price
of U.S. $3–$4/kg,43 making microbial polyesters by far too expensive for these
applications.44

Special mention must be made of poly(lactic acid), a biodegradable/bio-
resorbable polyester, obtained from renewable resources through fermentation of
corn starch sugar. This polymer can compete with conventional thermoplastics
such as PET for conventional textile fibers or engineering plastics applications.
The first Dow-Cargill PLA manufacturing facility is scheduled to produce up to
140,000 tons of NatureWorks PLA per year beginning in 200245 at an estimated
price close to that of other thermoplastic resins: U.S. $1/kg.46 Other plants are
planned to be built in the near future.45

2.1.2.2 Polyester Polyols

The most representative member of this class of polyesters is the low-molar-
mass (Mn ≈ 1000–3000) hydroxy-terminated aliphatic poly(2,2′-oxydiethylene
adipate) obtained by esterification between adipic acid and diethylene glycol. This
oligomer is used as a macromonomer in the synthesis of polyurethane elastomers
and flexible foams by reaction with diisocyanates (see Chapter 5). Hydroxy-
terminated poly(ε-caprolactone) and copolyesters of various diols or polyols and
diacids, such as o-phthalic acid or hydroxy acids, broaden the range of properties
and applications of polyester polyols.

Polyester polyols account for only ca. 10% of the total polyol market, which is
dominated by polyether polyols such as hydroxy-terminated polyoxyethylene or
polyoxypropylene. Polyester polyols are preferred for applications where better
mechanical properties, wear resistance, and UV stability are required. The largest
application of polyester polyols is flexible specialty polyurethane foam in the
furniture, packaging, and automotive industries. Polyester polyols are also used
for nonfoam applications such as coatings, paints, sealants, and adhesives.47

2.1.2.3 Thermosetting Polyester Resins

2.1.2.3.1 Unsaturated Polyester Resins

Unsaturated polyesters are low-molar-mass polyesters obtained by melt poly-
condensation of 1,2-diols with saturated and unsaturated anhydrides or dibasic
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acids.7 A typical unsaturated polyester composition consists of maleic anhydride,
phthalic anhydride and/or isophthalic acid, and 1,2-propanediol. For almost all
applications, unsaturated polyesters are diluted with a copolymerizable monomer
such as styrene. The resulting syruplike unsaturated polyester resin (UPR) can
be compounded with fillers and/or glass fibers and cured in the presence of free-
radical initiators. It yields thermoset articles with a wide range of properties,
depending on the composition of the initial unsaturated polyester, the nature and
concentration of crosslinking monomer, the presence of reinforcing fibers, and
the choice of initiator and catalytic systems.

Cast UPRs are not reinforced with glass fibers but are filled with large amounts
(up to 90%) of low-cost fillers. Their applications include polyester cements
and mastics, simulated marble and wood, and various encapsulation compounds.
UPR-laminating resins are sprayed on glass fiber or laid on glass cloth with
an initiator and used for molding, continuous lamination, filament winding, or
pultrusion applications. Gel coats are protective layers primarily used in the
marine industry and consisting of pigmented, filled UPRs that afford high gloss
surfaces with good environmental resistance. They are usually sprayed with a
peroxide initiator onto the mold before reinforcement with glass fiber and lami-
nating resins. The largest applications of UPRs are fiberglass-reinforced molding
resins for high-temperature and/or high-pressure cure. Semifinished compounds
containing highly reactive UPR, high-temperature initiators, reinforcing glass
fiber, fillers, mold release agents, pigments, and thermoplastics to prevent shrink-
age, are required for fast molding cycles in automated industries: the so-called
sheet molding compounds (“SMCs”) and bulk molding compounds (“BMCs”) are
ready-to-use compounds for compression-molding (SMC and BMC) or injection-
molding (BMC) applications.

The primary UPR end markets are construction, automotive, and marine
industries with applications such as house paneling, tub and shower applications,
chemical-resistant storage tanks, pultruded profiles, and fiberglass composite
boat hulls. The UPR industry is mature, with a world production close to
1.7 million tons (Table 2.2), but must face two important issues: increasingly
strict regulations for styrene emissions and poor recycling potential for polyester
thermosets.48,49

2.1.2.3.2 Alkyd Resins

Alkyd resins are branched polyesters made by reacting dicarboxylic acids or
anhydrides, polyols such as glycerol or pentaerythritol, and long-chain unsatu-
rated monocarboxylic fatty acids derived from natural oils (e.g., linseed oil, soya
oil, or dehydrated castor oil).50 The unsaturations present in fatty acid chains are
susceptible to undergo oxidative crosslinking by air oxygen in the presence of
catalytic amounts of siccatives, such as metal salt of organic acids. Alkyd resins
are therefore well suited to applications such as air-drying varnishes or archi-
tectural paints, typically in solvent-based formulations. Their low cost and great
versatility make them the largest type of coatings produced worldwide. Because
of regulations for reduction of volatile organic compounds (VOCs) emissions,
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their use is, however, slowly decreasing.51 To address this issue, waterborne
alkyd resin formulations have been developed, but their application is limited by
the tendency of ester groups to hydrolyze in the basic aqueous systems used for
solubilization or dispersion.

2.1.3 Issues and Research Trends

The most important trend in industrial and academic research on polyesters is
perhaps due to the increasing environmental awareness of end consumers and
the resulting strong demand for biodegradable or recyclable materials made by
ecofriendly production processes (see Chapter 11). Most thermoplastic polyesters
are versatile, fully recyclable polymers, harmless by nature, and this is one of the
reasons for the good health and bright future of the polyester industry. A number
of biodegradable/compostable copolyester compositions have been developed in
the recent years by the polyester industry to satisfy the demand for biodegradable
packaging materials (Table 2.3). Even the newly introduced PTT, which is other-
wise a quite conventional aromatic–aliphatic polyester, is presented as a “green”
polymer because one of its monomers (1,3-propanediol) can be produced from
corn starch, a renewable resource. This seems more justified for PLA, which, as
mentioned above, is a biodegradable/bioresorbable recyclable polyester exhibiting
quite interesting thermomechanical properties that can be produced from renew-
able resources. Other attempts are the biosynthesis of aliphatic polyesters by
transgenic plants to produce poly(hydroxyalkanoic acid)s (PHAs).44 Biosynthetic
processes based on transgenic potatoes or soybeans are expected to be econom-
ically viable in the near future, with production costs as low as U.S. $0.5/kg
for PHA.39 On the other hand, many research groups are involved in studies
on the conventional ring-opening polymerization of cyclic esters such as glycol-
ide, lactide, or ε-caprolactone for the synthesis of biodegradable/bioresorbable
polyesters.52

Ester groups can undergo a variety of interchange reactions that are used for
the chemical modification of polyesters. The chemical recycling of thermoplastic
polyesters into low-molar-mass reactive oligomers by alcoholysis or glycolysis
is described in Chapter 11 (e.g., the synthesis of hydroxy-terminated oligomers
for polyurethane applications). A number of efforts have also been put in the
reactive extrusion of polyesters with various reactants, including polymeric ones,
for the synthesis of copolyesters, block copolyesters, or modified polyesters.53 – 56

Polyester thermosets, both UPR and alkyd resins, are facing severe regulatory
issues for limiting VOC and toxic compound emissions. Although these issues
are not new, only partly satisfying solutions have been proposed until now, and
further research is clearly needed in this domain.

The polymerization of cyclic low-molar-mass polycarbonates, polyarylates,
and PBT to high-molar-mass thermoplastics has been extensively studied by the
General Electric Company during the last decade.57,58 Due to very low viscosity,
cyclic oligoesters can be processed like thermosetting resins but retain thermo-
plastic properties in the final state, after polymerization in the presence of suitable
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catalysts. This permits the fabrication of thermoplastic composites that present a
number of advantages over their thermosetting counterparts: very fast processing
speed, ability to thermoform and recycle parts, and higher damage tolerance. This
innovative technology is now commercialized by Cyclics Corporation.59

A new type of polyester appeared recently exhibiting unusual hyperbranched
architecture instead of the linear and tridimensional architectures of thermoplas-
tics and thermosets, respectively. Hyperbranched polymers belong to the class
of dendritic polymers, which present a tridimensional, highly branched structure
with a great number of endgroups.60 – 63 Hyperbranched polyesters are prepared by
the step-growth polymerization of ABx-type monomers, where A and B are ester-
forming, mutually reactive endgroups.64 A polyfunctional B-type chain limiter is
often added to limit molar mass and to reduce the polydispersity index, which
would otherwise be extremely high. By analogy with dendrimers, this chain
limiter is often referred to as “core molecule.” The bulk polyesterification of
2,2-dimethylolpropionic acid (bis-MPA) and a polyhydroxy core molecule in the
presence of acid catalyst yields hydroxy-terminated hyperbranched polyesters65,66

that have recently been commercially introduced under the brand name Boltorn
by Perstorp Polyols (see Section 2.4.5.1). Hyperbranched polyesters, like other
hyperbranched polymers, have low viscosity, a large number of endgroups, high
solubility, and high molar mass and are nonentangled molecules. This combi-
nation of properties makes them brittle and unusable as structure thermoplastic
materials. They are well suited for use as rheology modifiers or processing aids
in thermoplastics, as blend components, and as crosslinking macromonomers
in thermosets, after endgroup modification if necessary.60,64 The use of hyper-
branched polyesters has also been suggested for a rapidly growing number of
applications such as nonlinear optics, drug delivery systems, catalysis, or metal
surface modification.60,64

2.2 STRUCTURE–PROPERTY RELATIONSHIPS

The nature — aliphatic or aromatic — of the bivalent −R1− and −R2− radicals
in polyester chains (Scheme 2.1) exerts a profound influence on the properties
of polyesters and define four main classes of linear polyesters:

1. Aliphatic polyesters are low-melting (40–80◦C) semicrystalline polymers
or viscous fluids and present inferior mechanical properties. Notable excep-
tions are poly(α-hydroxy acid)s and poly(β-hydroxy acid)s.

2. Aromatic–aliphatic polyesters, in which either R1 or R2 is aromatic, are
generally high-melting (150–270◦C) semicrystalline materials that find
applications as engineering thermoplastics, films, or fibers.

3. Wholly aromatic polyesters, in which both R1 and R2 are aromatic, are
either high-Tg amorphous polymers or very high melting semicrystalline
polymers that often exhibit liquid crystalline properties.



STRUCTURE–PROPERTY RELATIONSHIPS 33

4. Polyester thermoplastic elastomers, which are obtained by replacing a part
of the R2 diol by dihydroxy polyether macromonomer, present biphasic
morphology and rubberlike properties.

The other structural parameters, such as the ester group content, the presence,
nature, and position of substituents on monomer units, and the number and nature
of comonomers, are of less importance and do not modify this classification of
linear polyesters.

Additional parameters should be taken into account for polyester networks and
hyperbranched polyesters, for example, crosslink density and degree of branching.

2.2.1 General Considerations

2.2.1.1 Thermal Properties

There are close correlations between melting temperature and a number of impor-
tant polymer properties: High-melting polymers generally present high tensile
strength and modulus, high deflection temperature under load, high thermal resis-
tance, low elongation at break, and low solubility in common solvents.

Since melting is a thermodynamic equilibrium, melting temperature (Tm) is
given by the classical relationship Tm = �Hm/�Sm, where �Hm and �Sm are
the enthalpy and entropy of melting, respectively. Therefore, Tm can be regarded
at first approximation as a measure of both intermolecular interactions, which
govern �Hm, and chain flexibility, which govern �Sm, parameters that obvi-
ously control many of the polymer properties. Examining melting temperature,
therefore, indirectly provides useful information on polymer general properties.
However, it is to be noted that the melting temperature of semicrystalline poly-
mers might also be influenced by other factors, for example, molar mass, degree
of crystallinity, and crystallite size.

Linear polyesters do not have strongly interacting groups, for example,
H-bonded ones. Consequently, �Hm is not dramatically different from a given
polyester to another one, and the predominant factor affecting melting temperature
is �Sm, that is, the number of conformations available in the molten state, in other
words chain flexibility. Higher flexibility leads to higher entropy of melting and
lower melting temperature. Therefore, Tm is very sensitive to the nature of R1 and
R2 moieties in polyester chains and as a result varies over a very broad range,
from room temperature to temperatures above 500◦C.

At equivalent ester group content, the Tm of aliphatic polyesters is signifi-
cantly lower than that of aromatic–aliphatic ones (Table 2.4). When the length
of the alkyl chain decreases, the rigidifying influence of −CO−O− groups
predominates, resulting in the remarkably high melting point of poly(glycolic
acid) [−(CH2−COO−)n−] with respect to that of other poly(ω-hydroxyacids)
(Table 2.5).

In the poly(alkylene arylate) series, Tm decreases with increasing length of
flexible −(CH2)n− moieties and, as in the aliphatic series, approaches the lim-
iting value of polyethylene melting point for large n values (Table 2.6). Aro-
matic–aliphatic polyesters with even numbers of methylene groups melt at higher
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TABLE 2.4 Melting Point, Tm (◦C), and Glass Transition Temperature, Tg (◦C),
of Poly(alkylene adipate)s and Poly(alkylene terephthalate)s

Repeating-Unit C (CH2)4

O

C O

O

(CH2)n O CC

O

O

O

(CH2)n O
Formula

n T ag T bm T cg T cm

1 101 269

2 −63 50 69
a

265
b

3 −59 45 35 233

4 −74
d

55.8
d

17
a

232
b

5 — — 10 134
6 −73

e
61

e −9 154
7 — — 3 85
8 — — — 132
9 — — −3 95

10 −56 80 −5 125
aRef. 445.
bRef. 448.
cRef. 4.
dRef. 446.
eRef. 447.

TABLE 2.5 Melting Point, Tm (◦C), and
Glass Transition Temperature, Tg (◦C), of
Poly(ω-hydroxyacids)a

Repeating-Unit
Formula

O (CH2)n C

O

n Tg Tm

1 45 228
2 −24 93
3 −59 64
4 −66 58
5 −64 69.2

9 — 80
b

10 −46 92
12 −44 95
14 −22 97.5
15 — 94

c

— −36 114.6
aRef. 449.
bRef. 448.
cRef. 450.
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TABLE 2.6 Melting Point, Tm (◦C), and Glass Transition Temperature, Tg (◦C),
of Poly(alkylene arylate)s

Repeating-Unit

Formula

C Ar

O

C O

O

(CH2)n O

Ar

n T ag T am T bg T am T cg T cm

1 101 269 — 340 — —

2 69
b

265
d

117
e

337
e

— >350
a

3 35 233 73 199 — 263

4 17
b

232
d

76 241 — 296
5 10 134 38 135 42 176
6 −9 154 44 211 — 240

7 3 85 — 130 — 168
f

8 — 132 — 185 — 193
d

9 −3 95 — 124 — 128
d

10 −5 125 14 144 — 164
d

aRef. 4.
bRef. 445.
cRef. 452.
dRef. 448.
eRef. 451.
fRef. 453.

temperature than odd-numbered ones. This odd–even effect has been reported
for a number of polyesters4 and copolyesters67,68 as well for many other step-
growth polymers.69,70 It is generally assigned to variations in the planar zigzag
packing of polymer chains. Chain stiffness is enhanced by resonance interactions
between phenylene groups and ester carbonyl as exemplified by the much higher
melting point of poly(alkylene terephthalate) compared to their 1,4-phenylene-
bis acetate-based isomers (Table 2.7). The biphenylene dicarboxylate series forms
anisotropic liquid crystalline melts due to the presence of rigid biphenylene meso-
genic groups.71 As a rule, Tm increases with increasing proportion of aromatic or
trans-cycloaliphatic rigid units (see Table 2.8 and compare Tables 2.4 and 2.6).

Aromatic polyesters that do not contain any flexible structural units are often
nonmeltable or extremely high melting polymers that cannot be processed.
Copolymerization is a way to obtain processable wholly aromatic polyesters:
The Tm versus copolyester composition curve is a U-shaped curve exhibiting a
minimum that is generally well below the Tm of corresponding homopolymers.
Liquid crystalline aromatic polyesters, for instance, are usually copolymers.72 An
example is Ticona’s Vectra, a random copolyester containing 4-oxybenzoyl and
6-oxy-2-naphthoyl units in ca. 70 : 30 mol ratio. This copolymer melts at ca.
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TABLE 2.7 Melting Temperatures of Isomeric Poly(alkylene terephthalate)s and
Poly(alkylene 1,4-phenylene-bisacetate)s

Repeating-Unit
C C

O

O (CH2)n O

O

C

O

C

O

CH2 CH2 O (CH2)n OFormula

n Tm (◦C)a n Tm (◦C)b

4 232
b

2 137
5 134 3 58
6 154 4 73

c

aRef. 4.
bRef. 445.
cRef. 420.

TABLE 2.8 Melting Point, Tm (◦C), and Glass
Transition Temperature, Tg (◦C), of Aliphatic,
Aromatic–Aliphatic, and Cycloaliphatic Polyesters

Repeating-Unit
Formula Tg Tm

C

O

(CH2)4 C

O

O (CH2)4 O −74
a

55.8
a

C

O

C

O

O (CH2)4 O 17
b

232
c

C

O

(CH2)4 C

O

O O — 230
d

C

O

(CH2)4 C

O

O O

trans

— 225
d

aRef. 446.
bRef. 445.
cRef. 448.
dRef. 4.

275◦C and is easily processable, whereas the homopolymers do not melt before
the onset of thermal degradation, at temperatures as high as 500◦C.73,74 Varying
copolymer composition permits the adjustment of melting temperature and of
other properties (e.g., solubility) to desired values. This method is frequently
used for aliphatic and aromatic–aliphatic polyesters as well.

The disruption of chain regularity by the introduction of lateral substituents
or kinks on repeating units is a supplementary means to decrease the melting
temperature of aromatic polyesters.72 This is illustrated in Table 2.9, where the
melting temperatures of unsubstituted and methyl-substituted aromatic–aliphatic
and aliphatic acids are reported. Regularity disruptions often cause significant
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decreases in crystallinity and may even lead to the complete loss of crystalline
character. Aliphatic polyesters obtained from unsymmetrical diols [e.g., poly(1,2-
propylene adipate)] and aromatic copolyesters containing iso- or orthophthalate
units, 2,2′-bis(1,4-phenylene)propane units, or unsymmetrical 1,4-phenylene units
with bulky substituents are usually amorphous polymers. On the other hand, sym-
metrical substitution does not hinder crystallization. Due to rotational constraints
induced by the presence of substituents, chain stiffness increases, explaining why
symmetrically substituted polyesters present melting points that may be higher
than that of their unsubstituted homologues (Table 2.9).

Glass transition temperature (Tg) reflects the segmental mobility in the amor-
phous phase and follows similar trend as that observed for Tm, increasing chain
rigidity leading to increasing Tm and Tg. For semicrystalline polyesters, Tg can
be found close to 0.6Tm to 0.65Tm (T values in Kelvin).4 Amorphous aliphatic
polyesters are usually low-Tg viscous oils while amorphous aromatic polyesters
are high-Tg polymers, some of which find applications as engineering thermoplas-
tics. The Tg of random binary copolyesters vary monotically with composition
between the Tg of homopolymers and have been reported to satisfy Fox75 or
Gordon–Taylor equations.76 – 78

2.2.1.2 Thermal and Thermo-Oxidative Degradation

The thermal resistance of polyesters increases with the aromatic group content:
Aliphatic polyesters are stable up to 220◦C, while aromatic–aliphatics begin to
undergo thermal degradation above 280◦C only. The primary degradation process
involves random ester scission through a six-center concerted mechanism with
a β-CH hydrogen transfer. It results in the formation of carboxyl and vinyl
endgroups79 – 83 (Scheme 2.2).

C
O

O
CH

H
C

OH

O
+

Scheme 2.2

Depending on the nature of the alkyl chain attached to the vinyl endgroups,
the degradation further proceeds following various reaction pathways leading
to the release of dienes, linear or cyclic ethers, and aldehydes. The forma-
tion of acetaldehyde, dioxane, and diethylene glycol has been reported for PET
degradation above 290◦C,83 dienes, and tetrahydrofuran (THF) in the case of
PBT degradation, above 240◦C.84 At the end of the degradation process, CO,
CO2, and aromatics are released while polydienes and crosslinked structures are
formed.83,85 Polyesters without β-CH on the diol moiety, for example polyesters
of 2,2-dimethyl-1,3-propanediol or polyesters from aromatic diols, cannot degrade
following this path and consequently present improved thermal stability.86,87

Wholly aromatic liquid crystalline polyesters have been reported to degrade at
450–550◦C through the homolytic scission of ester linkages releasing CO, CO2,
phenol, and other aromatics. This process is accompanied by char formation.85
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The decarboxylation of carboxy endgroups taking place during high-
temperature syntheses is another important polyester degradation reaction
(Scheme 2.3). Decarboxylation takes place at significantly lower temperature
for polyesters deriving from aliphatic acids than from aromatic ones. This
temperature is particularly low for polyesters of oxalic and malonic acids, which,
therefore, cannot be synthesized by the conventional diacid–diol bulk reaction.88

CH2

C
OH

O

CH3 +   CO2
∆

Scheme 2.3

In addition to the pathways depicted above, a 4-center concerted mechanism
yielding ketenes has been reported during the vacuum pyrolysis of aliphatic
polyesters (Scheme 2.4).89,90

CH O

O

H

CH C O + HO
T > 270 °C

Scheme 2.4

In polyesters, as in many other step-growth polymers, the formation of linear
species is always accompanied by the formation of small amounts of cyclic
oligomers. At high temperature, low-boiling-point cyclic oligomers are distilled
off, thus displacing the ring-chain equilibrium toward the formation of cyclics.
The thermal decomposition of polyesters, therefore, generates nonnegligible
amounts of cyclic oligomers, which may even be the major degradation products,
as in the case of polylactones or poly(hydroxy acids) such as PLA. The formation
of cyclics has also been reported for various aromatic–aliphatic and wholly
aromatic polyesters.91,92

In the presence of oxygen, more complex thermo-oxidative processes occur
in polyesters containing aliphatic moieties. They result in crosslinked products
and in the formation of compounds such as aldehydes, carboxylic acids and vinyl
esters, as reported in the case of PET.93,94 On the other hand, the presence of
oxygen has little effect on the thermal resistance of wholly aromatic polyesters
below 550◦C. Above this temperature a char combustion process takes place.85

2.2.1.3 Chemical Reactions Involving Ester Linkage

Most ester-forming reactions are reversible. Depending on circumstances, these
reactions may be either undesirable side reactions, for example hydrolytic chain
scissions occurring during processing, or useful reactions when chemical modi-
fication or polymer recycling is considered.
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2.2.1.3.1 Hydrolysis

The ester linkage is susceptible to hydrolytic cleavage giving back carboxy and
hydroxy endgroups. Most polyesters undergo degradation when heated in the
presence of water. The degradation reaction is accelerated in the presence of
acid or base catalysts (Scheme 2.5). In order to avoid chain scission during
processing, solid-state polyester resins (e.g., PET and PBT) must be carefully
dried before utilization, usually at 120–150◦C for several hours, so that water
content is below 200 ppm. The structural parameters that govern the hydrolytic
degradation of aliphatic polyesters have been examined by several authors for
the design of biodegradable materials.95,96 As a rule, polyesters from sterically
hindered diols, diacids, or hydroxy acids and polyesters with aromatic units
offer superior hydrolytic resistance. 2,2-Dimethyl-1,3-propanediol, hydrogenated
bisphenol-A, α,α′-disubstituted hydroxyacids, and aromatic monomers are often
used for this purpose. On the other hand, hydrolyzable/biodegradable polyesters
are unhindered polymers: aliphatic–aromatic copolyesters or polyesters from α-
or β-hydroxyacids, from nonsubstituted aliphatic lactones, or from diols and
diacids (Table 2.3). The design, synthesis, and properties of degradable polyesters
have recently been reviewed and discussed by many authors.41,52,97,98

R1 C
O

O

R2

H2O
R1 C

OH

O
+ HO R2

Scheme 2.5

2.2.1.3.2 Interchange Reactions

Interchange reactions are important ester-forming reactions, widely employed
in polyester synthesis (Scheme 2.1, reactions 2–4). These reactions are also
involved in the redistribution and randomization of monomer units during melt
synthesis, processing, or blending.99 Melt blending provides an attractive way of
obtaining new copolymers. Depending on reaction conditions, block to random
copolyesters can be obtained. Structural randomization has been reported, for
instance, in blends of PBT and bisphenol-A polycarbonate,100 of PBT and aro-
matic polyesters,101 of poly(ethylene adipate) and poly(trimethylene adipate),102

and of poly(6-hydroxy-2-naphthoic acid) and poly(4-hydroxybenzoic acid).103

Similarly, aliphatic polyester–aromatic polyester block copolymers undergo ran-
domization during melt processing and, for this reason, have not found any
commercial applications as thermoplastic elastomers, unlike polyesterurethanes
or polyesterethers.

2.2.2 Structure and Properties of Important Polyesters

2.2.2.1 Aliphatic Polyesters

Due to low hydrolytic and chemical resistance and to low melting point, aliphatic
polyesters have long been considered to be limited to applications such as plasti-
cizers or macromonomers for the preparation of polyurethane foams, coatings, or
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elastomers (see Chapter 5). Hydrolytic sensitivity, however, is a requested feature
for the design of environmentally degradable plastics and biomedical polymers.
Aliphatic degradable polyesters or copolyesters, either of natural or synthetic ori-
gin, have been the subject of intense academic and industrial attention during the
past two decades.41,52,97,98,104,105

Depending on their structure, properties, and synthetic methods, degradable
polyesters can be divided into four groups: poly(α-esters), poly(β-esters),
poly(lactones), and polyesters of aliphatic diols and diacids.

2.2.2.1.1 Poly(α-esters)

Most poly(α-esters) are high-melting, semicrystalline polymers. Poly(glycolic
acid) (PGA) has the highest melting point of all aliphatic polyesters (220–225◦C).
Tacticity has a strong influence on the morphology, melting point, and prop-
erties of poly(lactic acid) (PLA) (Table 2.10). Pure enantiomeric L-lactic acid
and L,L-lactide produce isotactic poly(L-lactic acid) (PLLA), which is semicrys-
talline and melts at 170–190◦C. L-Lactic acid is the most frequent form of lactic
acid and is industrially produced by the fermentation of glucose or hydrolyzed
starch. D-Lactic acid exists in some bacterial systems104 and leads to isotactic
poly(D-lactic acid) (PDLA), a polymer with similar properties as isotactic PLLA.
Syndiotactic PDLLA has been obtained by the stereoselective polymerization of
D,L-lactide (meso-lactide).106 Due to ester interchange in the melt,107 however,
redistribution of stereosequences takes place to some extent during process-
ing, leading on prolonged heating to atactic PDLLA, a polymer also obtained
from the polycondensation of racemic lactic acid. Depending on microstruc-
ture, PDLLA may be amorphous or semicrystalline. Amorphous PDLLA has
significantly lower tensile strength and modulus than PLLA (Table 2.10). When
crystallized, it presents a much lower melting point than PLLA (130–135◦C).
Consequently, the properties of PLA are strongly affected by the optical purity of
starting monomer, by polymerization and processing conditions, and by thermal
history. A wide range of properties can also be achieved by copolymerization with
glycolide or ε-caprolactone. These general properties compare well with those
of commodity thermoplastics such as polyethylene, polystyrene, or poly(vinyl
chloride) (PVC).104

2.2.2.1.2 Poly(β-esters)

Poly(3-hydroxy alkanoic acid)s (PHAs), also known as poly(3-hydroxyal-
kanoate)s, are aliphatic polyesters naturally produced by a wide range of
bacteria as energy storage material. They have been investigated as biodegradable
polymers from renewable resources. Various PHA homo- and copolymers,
such as poly(3-hydroxybutanoic acid) (PHB) and poly(3-hydroxybutanoic-co-
3-hydroxyvaleric acid) (PHBV), Monsanto’s Biopol polyesters, can be obtained
by the fermentation of glucose or of various feedstock materials. The high cost of
the fermentation process made the bacterial production of PHAs uneconomical
(U.S. $12/kg)52 compared to other biodegradable plastics, and the current trend
in PHA research is directed toward biosynthesis by genetically modified plants.



T
A

B
L

E
2.

10
P

ro
pe

rt
ie

s
of

B
io

de
gr

ad
ab

le
A

lip
ha

ti
c

P
ol

ye
st

er
s

B
io

no
lle
d

Po
ly

es
te

r
PG

A
a

PL
L

A
a

PD
L

L
A
a

PH
B
b

PH
B

V
b

C
A

PA
c

PB
Su

PE
Su

E
as

ta
r

B
io
e

T
m

(◦ C
)

22
5

–
23

0
17

0
–

19
0

—
17

7
13

5
58

11
4

10
4

10
8

T
g
(◦ C

)
40

50
–

60
50

–
60

4f
—

−6
0a

−3
2

−1
0

−3
0

D
en

si
ty

(g
/c

m
3
)

1.
50

–
1.

69
1.

25
–

1.
29

1.
25
f

—
1.

15
1.

26
1.

32
1.

22
M

el
t

flo
w

in
de

x,
g/

10
m

in
(1

90
◦ C

,
2.

16
kg

)

—
10

–
30
g

—
—

—
2.

9
—

—
28

Te
ns

ile
st

re
ng

th
(M

Pa
)

80
–

98
0h

12
0

–
23

00
h

40
–

50
i

40
20

40
/4

3
(M

D
/T

D
)j

—
—

22
/2

0
(M

D
/T

D
)j

Te
ns

ile
m

od
ul

us
(M

Pa
)

39
00

–
13

,8
00
h

69
00

–
98

0h
15

00
–

19
00
i

—
—

—
55

0k
58

0k
10

7/
10

6
(M

D
/T

D
)j

E
lo

ng
at

io
n

at
br

ea
k

(%
)

30
–

40
h

12
–

26
h

5
–

10
i

3.
0

10
0

—
56

0
20

0
70

0/
73

0
(M

D
/T

D
)j

St
re

ss
at

yi
el

d
(M

Pa
)

—
—

—
—

—
18

/1
6

(M
D

/T
D

)j
33

20
.5

—
N

ot
ch

ed
Iz

od
im

pa
ct

st
re

ng
th

(J
/m

)
—

16
g

—
35

30
0

—
29

4
98

—

a
PG

A
:

po
ly

(g
ly

co
lic

ac
id

);
PL

L
A

:
po

ly
(L

-l
ac

tic
ac

id
),

PD
L

L
A

:
po

ly
(D

L
-l

ac
tic

ac
id

),
re

f.
41

.
b
PH

B
:

po
ly

(3
-h

yd
ro

xy
bu

ta
no

ic
ac

id
);

PH
B

V
:

po
ly

(3
-h

yd
ro

xy
bu

ta
no

ic
ac

id
-c

o
-3

-h
yd

ro
xy

va
le

ri
c

ac
id

),
re

f.
10

5.
c
C

A
PA

:
po

ly
(ε

-c
ap

ro
la

ct
on

e)
FB

10
0,

re
f.

45
6.

d
B

io
no

lle
PB

SU
:

po
ly

(b
ut

yl
en

e
su

cc
in

at
e)

;
B

io
no

lle
PE

SU
:

po
ly

(e
th

yl
en

e
su

cc
in

at
e)

,
re

f.
11

0.
e
E

as
ta

r
B

io
:

po
ly

(t
et

ra
m

et
hy

le
ne

ad
ip

at
e-

co
-t

er
ep

ht
ha

la
te

),
re

f.
45

7.
f

R
ef

.
52

.
g
R

ef
.

45
5.

h
O

ri
en

te
d

fib
er

.
i
N

on
or

ie
nt

ed
fib

er
.

j
M

D
:

m
ac

hi
ne

di
re

ct
io

n;
T

D
:

tr
an

sv
er

se
di

re
ct

io
n.

k
St

if
fn

es
s

fo
llo

w
in

g
JI

S-
K

72
03

.

42



STRUCTURE–PROPERTY RELATIONSHIPS 43

PHAs obtained from microbial synthesis present always the D(−) configura-
tion and are isotactic. The tacticity of chemically synthesized PHB depends on
the enantiomeric configuration of starting monomer and the nature of the catalyst.
Atactic, syndiotactic, and isotactic PHBs have been reported.108,109 The proper-
ties of naturally occurring PHAs depend on the composition: PHB is a highly
crystalline, brittle polymer with Tm = 177◦C while PHBV copolymers exhibit
lower melting point (135–150◦C) and higher impact resistance and flexibility.
Selected properties of PLA and PHB are compared to those of biodegradable
polymers in Table 2.10.

2.2.2.1.3 Poly(Lactones)

Poly(ε-caprolactone) (PCL), the most representative member of this polyester
family, is obtained by the ring-opening polymerization of ε-caprolactone. It is a
low-Tm (60◦C), low-Tg (−60◦C) semicrystalline polyester that presents mechan-
ical properties resembling those of low-density polyethylene (Table 2.10).

2.2.2.1.4 Copolyesters from Diacids and Diols

Various environmentally degradable copolyesters obtained from reactions
between diols and diacids have recently been commercially introduced.

Bionolle (Showa Highpolymer) is a semicrystalline polyester produced by
the polycondensation of 1,4-butanediol or 1,2-ethanediol with succinic acid or
mixtures of succinic and adipic acids.110 Molar mass can be increased to Mn =
200,000 by using diisocyanates as chain coupling agents.111 Depending on com-
position, the properties of Bionolle vary between those of low-density polyethy-
lene and those of high-density polyethylene110 (Table 2.10).

A different approach consists of reacting dimethyl terephthalate and dimethyl
adipate with 1,4-butanediol in the experimental conditions of poly(butylene
terephthalate) (PBT) synthesis. The resulting copolyester (Eastman’s Eastar Bio)
presents properties close to those of other degradable materials (Table 2.10).

2.2.2.1.5 Polyester Biodegradation

The predominant biodegradation reactions of polyesters are chemical and micro-
bial hydrolysis. Degradation rate is influenced by the molar mass, crystallinity,
hydrophobicity, and Tg of the polyester, by the degradation conditions, and by
the presence of degradation products. PGA, PLA, and their copolymers are
hydrophilic polymers and degrade either in vivo or in vitro through an abi-
otic bulk hydrolysis mechanism, which first affects the amorphous regions. The
degree of crystallinity has been reported as the major controlling factor in the
enzyme-catalyzed hydrolysis of PLA.112 PHAs and PCL are more hydrophobic
than poly(α-esters), and their abiotic hydrolysis occurs more slowly, through sur-
face erosion rather than bulk hydrolysis. Low-molar-mass polyesters are known
to undergo hydrolytic degradation in the presence of lipases and esterase.113 The
degradation products of polyesters are bioassimilated by microorganisms, irre-
spective of enantiomeric composition — as shown on lactide oligomers114 — and
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the nature of monomers. Polymer biodegradation mechanisms and testing methods
have recently been reviewed.52

2.2.2.2 Aromatic–Aliphatic Polyesters

This class of polyesters consists of four major commercial polymers and their
copolymers, namely PET, PTT, PBT, and PEN (see Table 2.1). They compete
for engineering thermoplastics, films, and fibers markets with other semicrys-
talline polymers, such as aliphatic polyamides, and for some other applications
with amorphous engineering plastics such as polycarbonate. The syntheses of
PET and PBT, detailed in numerous reviews and books,2 – 5 are described in
Sections 2.3.2.2 and 2.3.2.1.

PET, PTT, and PBT have similar molecular structure and general properties
and find similar applications as engineering thermoplastic polymers in fibers,
films, and solid-state molding resins. PEN is significantly superior in terms of
thermal and mechanical resistance and barrier properties. The thermal properties
of aromatic–aliphatic polyesters are summarized in Table 2.6 and are discussed
above (Section 2.2.1.1).

The crystalline structure of these polymers, all triclinic, reveal some interest-
ing differences.115 – 117 In crystalline regions, PET adopts a planar zigzag con-
formation with almost completely extended chains (98–99% extended). Two
crystalline forms, α and β, are known for PBT. The α-form is stable in the
relaxed unstretched state at ambient temperature and reversibly transforms into
the more extended β-form when stretched (96% extended instead of 86%). The
crystalline structure of PTT is helical with successive monomer units lying at
approximately 60◦ to one another about the helix axis, polymer chains being
only 76% extended. This springlike structure explains the low tensile modulus
and the excellent elastic recovery of PTT compared to PET, since the initial part
of the strain–stress curve is thought to correspond to the elastic uncoiling of
polymer chains. The semicrystalline PEN yarns obtained by melt spinning con-
tain β-crystals that present a sinusoidal 94% extended chain conformation. Under
stress or hot drawing, they irreversibly transform into the fully extended α-form
by rotation of the naphthalene ring.118 The elastic modulus of crystalline regions,
measured from X-ray measurements, vary in the order PEN α (145 GPa) > PET
(108 GPa) > PBT α (13.5 GPa) > PTT (2.6 GPa). This is explained by the
higher rigidity of naphthalene with respect to phenylene for PEN and PET, which
are both in fully extended conformation, and by the less extended conformations
of chains in PBT and PTT crystals.119

Crystallization rate is an important parameter for the processing of
semicrystalline polymers. PET120 and PEN121 – 123 crystallize relatively slowly
in the absence of nucleating agents. They find applications where crystallization
can be induced by mechanical orientation (e.g., fibers, films and stretch blow-
molded bottles). The as-spun PET124 and PEN125 fibers are amorphous. As a
result, polymer chains are easily reoriented parallel to the fiber axis during the
drawing process, causing stress-induced crystallization, while, on the other hand,
crystallites present in the original material would hinder molecular reorientation.
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High degrees of orientation are thus achieved both in crystalline and amorphous
regions, resulting in enhanced strength in the drawing direction.124,126 Analogous
chain orientation and mechanical strengthening process takes place during the
manufacture of high-strength biaxially oriented PET127 and PEN128,129 films and
PET stretch blow-molded bottles.130

PBT and PTT are fast crystallizing polymers and, therefore, well suited for
extrusion and injection-molding applications with high cycle times. The cold
drawing temperature window for PTT and PBT (temperature range between
glass transition temperature and cold-crystallization temperature) is rather nar-
row. Careful temperature control must be exerted when drawing PTT and PBT
fibers or films and high-speed lines are generally preferred for PTT fibers.27

The number-average molar mass of thermoplastic polyesters varies from about
20,000 for film and fiber applications to 40,000 for injection-molding or blow-
molding resins. Relationships between intrinsic or molten viscosity and molar
mass have been published for PET,131 – 136 PBT,135,137 and PEN.138

Semicrystalline aromatic–aliphatic polyesters present mechanical properties
(e.g., tensile strength and modulus) comparable to that of other engineering plas-
tics, slightly lower than aliphatic polyamides (nylon-6 and nylon-6,6) but higher
than polycarbonate. Heat deflection temperature (HDT), within the 55–85◦C
range, is relatively low, making reinforcement by glass fiber required to reach
sufficient levels for engineering molding resins applications. Grades containing
30% glass fiber exhibit HDT in the 210–230◦C range. Altogether, the proper-
ties of PTT are intermediate between those of PET and PBT. The mechanical
and electrical properties of unfilled PET, PBT, and PTT engineering plastics are
reported in Table 2.11.

Compared to PET, PEN has higher melting point and glass transition tem-
perature and possesses higher modulus — twice as high when processed as a
fiber — and lower elongation to break, properties that are typical of a more
rigid polymer (Table 2.12). Among other properties shared by the thermoplastic
polyesters are good dimensional stability and gas barrier properties. The naph-
thalate polymer family possesses excellent barrier properties,27 which, combined
with high Tg, make PEN suitable for applications such as pasteurizable hot-
filled containers.

The semicrystalline polyesters of the terephthalate and naphthalate family are
resistant to a wide range of chemicals at room temperature, including water,
alcohols, ketones, ethers, glycols, chlorinated solvents, aliphatic hydrocarbons,
and oils. They are slowly hydrolyzed in boiling water and rapidly degraded in
strongly basic or acidic medium.

It must finally be kept in mind that it is extremely easy to adjust the properties
of polyesters to desired values by adding small quantities (usually less than 10%)
of comonomers in starting monomer feed. Isophthalic, adipic, dodecanedioic,
p-hydroxybenzoic acids or esters and diethylene glycol, cyclohexanedimethanol,
or bisphenol-A are often used for this purpose. Examples of property adjustment
are the modification of solvent diffusivity of PET membranes by the addition of
low levels of isophthalate or naphthalene dicarboxylate units in polymer chains139
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TABLE 2.11 Typical Properties of Unfilled Poly(ethylene terephthalate) (PET),
Poly(trimethylene terephthalate) (PTT), and Poly(butylene terephthalate (PBT)
Solid-State Polyester Resins

Properties PETa PTTb PBTa

Tm (◦C) 265c 233c 232c

Tg (◦C) 69c 35c 22c

Specific gravity 1.37 1.35 1.31
Tensile strength (MPa) 53 59.3 52
Flexural modulus (GPa) 2.83 2.76 2.34
HDT at 1.8 MPa (◦C) 85 59 55
Notched Izod impact (J/m) 43 48 53
Dielectric strength (V/µm) 23.6 21 23.2
Dielectric constant at 1 MHz 3.4 3.0 3.1
Dissipation factor at 1 MHz 0.02 0.015 0.02
Volume resistivity

(�·cm × 1016)

3.5 1.0 4.0

aRef. 120.
bRef. 27.
cRef. 4.

TABLE 2.12 Physical Properties of Poly(ethylene terephthalate) (PET) and
Poly(ethylene 2,6-naphthalate) (PEN) Polyester Fibers

Properties PETa PENb

Tm (◦C) 258–263 274
Tg (◦C) 69c 117d

Specific gravity 1.38–1.39 1.36
Initial modulus (N/Tex) 6.6–10.6 16.8–19.0; 22e

Breaking tenacity (N/Tex) 0.35–0.85 0.57–0.67; 0.9e

Breaking elongation (%) 10–50 6

aData range for regular–high tenacity yarns, ref. 124.
bRef. 260.
cRef. 4.
dRef. 451.
eData for Honeywell’s PentexTM, ref. 458.

or the modification of PET crystallization kinetics by copolymerization with
hydroquinone140 or isophthalic acid.141 Copolymerizing comonomers in larger
proportions is a means to obtain copolymers with properties completely different
from that of the corresponding homopolymers. Thus, 50 : 50 (mol) poly(ethylene
2,6-naphthalate-co-terephthalate) is soluble in dimethyl sulfoxide (DMSO) at
room temperature while homopolymers are insoluble142; most terephthalate-co-
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isophthalate copolyesters are amorphous in the 20 : 80–80 : 20 mol composition
range143 – 145; copolymers of PET and poly(4-hydroxybenzoic acid) (PHBA) con-
taining 60 mol % HBA units (Unitika’s Rodrun) exhibit liquid crystalline proper-
ties while PHBA does not melt and PET is not liquid crystalline146,147; poly(1,4-
cyclohexylenedimethylene terephthalate-co-isophthalate) (PCTI, 50 : 50 mol) is
an amorphous (Tg = 80◦C) thermoplastic while the terephthalate homopolymer
is a high-melting (280–320◦C) semicrystalline, brittle polymer.120 Melt blending
is another widely used approach for polyester property modification. In the case
of polyester–polyester or polyester–polycarbonate blending, ester interchange
reactions result in the rapid formation of small amounts of block copolymer
which facilitate blend compatibilization. Random copolymers are produced on
prolonged heating in the presence of ester interchange catalysts.100,148 – 153

2.2.2.3 Aromatic Polyesters

2.2.2.3.1 Amorphous Polyarylates

Although many other monomers have been utilized, the typical commercial amor-
phous polyarylate is a polyester containing bisphenol-A units and nearly equal
proportions of isophthalate and terephthalate units (Formula 2.1).6
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n

Formula 2.1

Amorphous polyarylates are light-amber transparent materials which exhibit
mechanical properties comparable to that of unfilled PET in terms of tensile or
flexural strength and modulus (Table 2.13) but are notably superior in terms of
heat resistance (HDT = 174◦C vs. 85◦C for PET) and impact strength.

Upon UV light exposure, they undergo a photo-Fries rearrangement which
results in the formation of o-hydroxy-benzophenone moieties in polymer
chains6,154,155 (Scheme 2.6). These moieties are very efficient UV absorbers
that stabilize the polymer against further degradation. The resulting light-
yellow protective layer formed on the polymer surface imparts polyarylates with
excellent retention of mechanical properties upon UV light exposure. Combined
to their transparency, weather resistance, and heat stability, this makes them
suitable for applications such as tinted parts in automotive lighting, outer glazing,
and solar energy devices.

Numerous blend formulations with amorphous polyarylate as one of the com-
ponents have been described6 and are generally claimed to exhibit improved
UV and weather resistance, improved molding performance characteristics, and
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TABLE 2.13 Typical Properties of Ardel D-100 Bisphenol-A Polyarylate and of
Liquid Crystalline Polyesters Vectra A-950 and Xydar SRT-500

Properties Ardel D-100a Vectra A950b Xydar SRT-500c

Tm (◦C) — 280 358
Tg (◦C) 190 — —
Tensile strength (MPa) 65 126 126
Tensile modulus (GPa) 2.0 8 8.3
Tensile elongation at break (%) 50 3.9 5
Tensile elongation at yield (%) 8.0 — —
Flexural strength (MPa) 76d 137e 131
Flexural Modulus (GPa) 2.13 7.4 13.1
Notched Izod impact strength (J/m) 234 684 208
Density 1.21 1.4 1.35
Heat deflection temperature (HDT) at

1.8 MPa (◦C)
174 178 335

Dielectric strength (V/µm) 15.7 47 31
Volume resistivity (�·cm) 1.2 × 1016 1016 —

aRef. 6.
bRef. 459.
cRef. 161.
dValue at 5% strain.
eValue at 3.5% strain.
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better impact properties. Studies dealing with polyamides,156 polycarbonates,77

aromatic–aliphatic polyesters,78,101,157 and polyetherimides158 have more recently
been published. The compatibilizing effect of polyarylate homo- or block copoly-
mers in various blends has also been investigated.159,160

2.2.2.3.2 Liquid Crystalline Polyesters

The liquid crystalline (LC) state is an intermediary state between isotropic liq-
uid and crystalline solid. It arises from the tendency of rod like or disc like
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rigid molecules to align parallel to each other in the molten state (thermotropic
compounds) or in solution (lyotropic compounds), forming anisotropic ordered
phases, termed mesophases. LC polymers are prepared by combining rigid units,
termed mesogenic units, into polymeric structures. Depending on their archi-
tecture, liquid crystalline polymers (LCPs) can be classified into three principal
categories (Table 2.14): (i) main-chain LCPs, with the mesogenic units incorpo-
rated into the polymer backbone; (ii) side-chain LCPs, with the mesogenic units
linked to polymer chains as side groups; and (iii) combined LCPs with both types
of structures.161 Side-chain mesogens are decoupled from polymer backbone by
flexible spacers and, therefore, can easily be aligned in electric or magnetic fields.
This imparts side-chain LCP properties that are of particular interest for elec-
trooptics or nonlinear optics applications. On the other hand, main-chain LCPs
are high-strength/high-modulus rigid polymers applied as materials for structural
applications.

LC polyesters belong to the class of thermotropic main-chain LCPs, which
also comprises polymers such as polycarbonates, polyethers, polyphenylenes,
polyester-imides, polymers containing azo- or azo N -oxide linking groups, some
cellulose derivatives, and polypeptides such as poly(γ -benzyl-L-glutamate). Both
from the academic and industrial points of view, polyesters are by far the most
important representatives of this class of polymers.

Only a few building blocks are available for the synthesis of ester-containing
rigid mesogenic units, namely dihydroxy-, dicarboxy-, or (hydroxy, carboxy)-1,4-
phenylenes, 4,4′-biphenylenes, and 2,6-, 1,4-, or 1,5-naphthylenes (Table 2.15).

The first rigid-rod polyester poly(4-hydroxybenzoic acid) (PHBA, Ekonol)
was commercially introduced by 1970.162 However, this polyester, like the

TABLE 2.14 Schematic Representation of Three Main Categories of Liquid
Crystalline Polymers (LCPs)

LCP Types Schematic Structuresa

Main-chain LCPs

Side-chain LCPs

Combined LCPs

a : mesogenic unit; : chain backbone; : flexible spacer.



50 POLYESTERS

TABLE 2.15 Building Blocks Used in Main-Chain
Polyester LCP Mesogenic Units
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structurally resembling poly(1,4-phenylene terephthalate), melts after degradation
starts (above 600◦C)163 and can be processed only by sintering-compression,
metal-forming processes, or plasma coating.162,164 During the last two decades,
a great deal of effort has been devoted to the study of structure–property
relationships in thermotropic polyesters in order to direct synthesis toward
copolyesters exhibiting lower melting temperature, better solubility, and better
processability. For instance, copolyesters of PHBA and comonomers such as
terephthalic acid and 4,4′-diphenol are LC melt-processable copolymers. These
efforts have recently been reviewed163 – 166 and are briefly summarized below.

Several approaches have been used, all aiming at disruption of the structural
regularity of aromatic polyester chains:

1. Insertion of flexible aliphatic spacers between mesogenic units in polymer
backbone. This leads to appreciable decrease in melting and isotropiza-
tion temperatures but also reduces the mechanical strength and the thermal
stability of resulting polymers unless spacer length is kept short.167 This
approach is applied in PET/PHBA random copolyesters168 – 170 (now Uni-
tika’s Rodrun), which can be regarded as thermotropic copolyesters contain-
ing short 1,2-ethylene spacers between rigid terephthalate and 4-oxybenzoyl
moieties.146,171 – 173

2. Introduction of bulky lateral substituents on monomer units to increase inter-
chain distance and prevent close packing in polymer crystal. The use of
unsymmetrically substituted monomers, resulting in a random distribution
of head-to-head and head-to-tail structures in polymer chains, further helps
in disrupting regularity. Some examples of substituent effects are given in
Table 2.16.
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TABLE 2.16 Melting Point, Tm (◦C), and Isotropization Temperature, Ti (◦C), of
Poly(1,4-phenylene terephthalate) LCPs Containing Various Substituents

Structure Tm Ti References
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This method is attractive, since polymers with good thermal stability are
obtained, especially with aryl or halogeno substituents.165,174 Moreover, a
number of substituted polyester LCPs exhibit solubility in common organic
solvents, thus facilitating their structural characterization. However, the cost
of starting monomers has hampered the commercial development of ther-
motropic polyesters based on substituted monomers.

3. Introduction of nonmesogenic units in polymer chains. (E.g., using meta-
substituted aromatic monomers such as isophthalic acid or resorcinol). This
results in the formation of kinks in polymer chain, which disrupt lateral
interactions.

4. Copolymerization of two or more mesogenic monomers yielding copolymers
with a random distribution of repeating units such as those given in
Table 2.15. This method gives convenient polymers in terms of mechanical
properties, thermal resistance, and LC properties. The use of monomers of
unequal length generally favors the formation of LC nematic mesophases, in
which mesogens are orientally ordered but lack positional order, over smectic
mesophases in which positional ordering gives rise to layered structures.165

This approach is used in several commercial polyester LCPs such
as 4-hydroxybenzoic acid–2,6-hydroxynaphthoic acid copolyesters17 and
hydroxybenzoic acid, terephthalic acid, and 4,4′-diphenol copolyesters,175,176

now Ticona’s Vectra and Solvay’s Xydar, respectively.

Polyester LCPs exhibit mechanical properties (e.g., tensile strength and modu-
lus) which are notably greater than conventional thermoplastics and comparable to
glass-filled PET (Table 2.13). Melt-spun fibers with tensile properties equivalent
to those of high-performance aramides can be obtained.177 These superior proper-
ties originate from the high degree of molecular orientation in the flow direction
achieved by these stiff molecules during melt processing. The ease of orientation
in the machine direction (flow direction), however, adversely affects the proper-
ties in the transverse direction. This makes difficult the production of films with
balanced properties, which usually require special techniques such as multiaxial
stretching, cross-lamination, or rotation compression injection-molding.178 – 182

The melt rheology of LCPs in the LC state is quite complex.173,183,184 LCPs
generally present a non-Newtonian behavior with a rapid decrease in viscosity
with increasing shear rates. As a consequence, the bulk viscosity of polyester
LCPs can be two orders of magnitude less than that of PET under normal pro-
cessing conditions.185 The morphology and properties of resulting products, fibers
or moldings, are strongly dependent on the processing conditions.186,187 Skin-
core and microfibrillar morphologies are generally observed in melt-processed
polyester LCPs, with highly oriented skin and an underlying hierarchy of micro-
to macrofibrillar structures ranging from 50 nm to 5 µm in diameter.164,188

Besides high mechanical strength, polyester LCPs exhibit excellent thermal
and chemical resistance, high heat deflection temperature, low mold shrinkage,
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low thermal expansion coefficient, and outstanding gas barrier properties. Glass-
reinforced grades are generally used for molding resin applications in order to
improve transverse properties and compressive strength.

2.2.3 Role of Microstructure and Architecture

2.2.3.1 Block Copolymers: Polyester Thermoplastic Elastomers

Polyester block copolymers can be defined as (AB)n-type alternating multi-
block copolymers composed of flexible aliphatic polyester or polyether blocks
(A-type blocks) and rigid high-melting aromatic–aliphatic polyester blocks (B-
type blocks) (Formula 2.2).
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O (CH2)4 O C
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O (CH2)4 O
p yx

n

Rigid block Soft block

Formula 2.2

The low-Tg flexible blocks and the semicrystalline rigid blocks are incompat-
ible at the service temperature and segregate, giving rise to materials that exhibit
biphasic morphology. This morphology is generally described as a dispersion
of microdomains formed by partially crystallized rigid blocks in a continuous
amorphous matrix containing flexible blocks and noncrystallized rigid blocks36,189

(Fig. 2.1). The crystallized microdomains act as physical crosslinks for the soft
amorphous matrix and impart both elastomeric and thermoplastic properties to
the material. The resulting copolymer behaves as rubber at the service temper-
ature but can be processed as a conventional thermoplastic above the melting
point of the rigid domains.

The rigid and soft blocks used in polyesterether thermoplastic elastomers
(polyesterether TPEs) are typically PBT and poly(oxytetramethylene) (PTMO),
respectively, with block number-average molar mass varying between 1000 and
3000. They are obtained by the melt reaction between dimethyl terephthalate,
butanediol, and dihydroxy-terminated PTMO in the conditions typical of a
PBT synthesis.

As shown in Table 2.17, the properties of polyester TPEs are strongly depen-
dent on the soft–rigid block ratio and vary from those of soft rubbery polymers
to those of rigid thermoplastics. The softer grades (60% mass PTMO, 40 Shore D
hardness) have very low Young’s modulus (53 MPa), do not break in the notched
Izod impact test even at −40◦C, and present high elongation at break (700%). The
rigid grades (10% PTMO, 75 Shore D hardness) exhibit properties close to that
of the parent PBT homopolymer. The stress–strain curves (Fig. 2.2) present a
yield point at ca. 5–20% elongation and samples strained to higher levels exhibit
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Figure 2.1 Model of microstructure in polyester thermoplastic elastomers.

TABLE 2.17 Physical Properties of Poly(poly(butylene
terephthalate)-block -poly(oxytetramethylene)) Polyester–Ether TPEsa

PTMOb in Copolymer
(mass %) 0 10 25 35 50 60

Shore D hardness 80 74 63 55 45 38
Density 1.3 1.27 1.23 1.2 1.16 1.12
Tg (◦C)c 55 44 2 −23 −50 −60
Tm (◦C) 223 221 210 202 183 192
Ultimate elongation

(%, ASTM 412)
200 360 540 570 700 650

Tensile strength
(MPa, Din 53504)

52 45 38 32 21 17

Young’s modulus
(MPa)

2600 830 300 170 90 53

aReproduced from ref. 464 with permission. Copyright  1999 John Wiley & Sons, Inc.
bMn = 1000 except for the 60% mass copolymer in which Mn = 2000.
cTaken at peak tan δ.

considerable permanent deformation. This behavior, quite different from that of
conventional vulcanized rubber, is assigned to the progressive and irreversible
disruption of PBT crystalline matrix and extensive crystallite orientation during
the drawing process (Region II, Fig. 2.2).
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Figure 2.2 Stress–strain curve of polyester elastomer containing 58 wt % PBT. A,
slope = Young’s modulus; B, yield stress. (Reprinted with permission from ref. 190, p. 96.
Copyright  1988 John Wiley & Sons, Inc.)

At constant PBT/PTMO composition, when the molar mass of PTMO block is
≥2000, partial crystallization of the polyether phase leads to copolymer stiffening.
The properties of polyesterether TPEs are not dramatically different when PTMO
is replaced by polyethers such as poly(oxyethylene) (PEO) or poly(oxypropylene).
PEO-based TPEs present higher hydrophilicity, which may be of interest for some
applications such as waterproof breathable membranes but which also results in
much lower hydrolysis resistance. Changing PBT into a more rigid polymer by
using 2,6-naphthalene dicarboxylic acid instead of terephthalic acid results in
compounds that exhibit excellent general properties but poorer low-temperature
stiffening characteristics.

TPEs associating both rigid and soft polyester blocks have also been described.
They cannot be obtained by the melt polyesterification used for polyesterether
TPEs, since interchange reactions would yield random — rather than block — copo-
lyesters. The preferred method involves the reaction of OH-terminated aliphatic
and aromatic–aliphatic polyesters with chain extenders such as diisocyanates and
results in copoly(ester–ester–urethane)s.

2.2.3.2 Hyperbranched Polyesters

Hyperbranched polyesters are prepared by the step-growth polymerization of
ABx-type monomers where A and B are −OH and −COOH groups or derivatives
such as CH3COO−, HO−CH2CH2−O−, (CH3)3SiO−, −COOCH3, or −COCl
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TABLE 2.18 Monomers Used for Synthesis of Hyperbranched Polyesters

No. Monomer References No. Monomer References

1

HOOC

HOOC

OCOCH3 269 7

(CH3)3SiO

(CH3)3SiO

COCl 202, 442

2

CH3COO

CH3COO

COOH 198, 442 8
CHO

CH3

CH2

CH2

COOH

OH

465

3

HOOC

HOOC

OC2H4OH 198, 466 9 CHOOC

CH2OH

CH2OH

CH3 65, 197

4

H3COOC

OC2H4OH

H3COOC

466 10
O OOH

467

5

(CH3)3SiOOC

(CH3)3SiOOC

OCOCH3 269 11
O

HO N
O

OH

OH

468

6

CH3COO

CH3COO

COOSi(CH3)3 268

groups. Most reported hyperbranched polyesters are wholly aromatic or
aromatic–aliphatic polyesters obtained from readily available 1,3,5-trisubstituted-
benzene AB2 monomers (Table 2.18). It is, however, noteworthy that only
aliphatic hyperbranched polyesters (Perstorp’s Boltorn obtained from dimethylol
propionic acid, monomer 9, Table 2.18) and aliphatic polyesteramides (DSM’s
Hybrane obtained from monomer 11, Table 2.18) have been commercially
introduced so far. The branched architecture and the presence of a large number
of endgroups impart to hyperbranched polymers properties which are not found
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in linear polymers. The synthesis, structure, and properties of hyperbranched
polymers have been recently reviewed by many authors.60 – 63

Hyperbranched polymers are characterized by their degree of branching (DB).
The DB of polymers obtained by the step-growth polymerization of AB2-type
monomers is defined by Eq. (2.1) in which dendritic units have two reacted
B-groups, linear units have one reacted B-group, and terminal units have two
unreacted B-groups191:

DB =
∑
(dendritic units)+

∑
(terminal units)

∑
(linear units)+

∑
(dendritic units)+

∑
(terminal units)

(2.1)

Another definition, taking into account polymerization conversion, has been more
recently proposed.192 Perfect dendrimers present only terminal- and dendritic-
type units and therefore have DB = 1, while linear polymers have DB = 0.
Linear units do not contribute to branching and can be considered as struc-
tural defects present in hyperbranched polymers but not in dendrimers. For most
hyperbranched polymers, nuclear magnetic resonance (NMR) spectroscopy deter-
minations lead to DB values close to 0.5, that is, close to the theoretical value
for randomly branched polymers. Slow monomer addition193,194 or polyconden-
sations with nonequal reactivity of functional groups195 have been reported to
yield polymers with higher DBs (0.6–0.66 range).

Assuming that no intramolecular or side reactions take place and that all groups
are equireactive, the polydispersity index, Ip, of hyperbranched polymers obtained
by step-growth polymerization of ABx monomers is given by Eq. (2.2), where
pA is the conversion in A groups.196 Note that the classical Flory relationship
DPn = 1/(1 − pA) holds for ABx monomer polymerizations:

Ip = DPw

DPn
= 1 − p2

A/x

1 − pA
(2.2)

The molar mass distribution of hyperbranched polymers is, therefore, always
larger than that of their linear homologues and tends toward infinity when con-
version becomes close to 1. The use of a By comonomer, acting as a chain limiter
and “core molecule,” helps in reducing polydispersity and controlling the molar
mass of the final polymer.197

Due to their compact, branched structure and to the resulting lack of chain
entanglement, dendritic polymers exhibit much lower melt and solution viscosity
than their linear counterparts. Low α-values in the Mark–Houwink–Sakurada
intrinsic viscosity–molar mass equation have been reported for hyperbranched
polyesters.198,199 Dendrimers do not obey this equation, a maximum being
observed in the corresponding log– log viscosity–molar mass curves.200 The
lack of chain entanglements, which are responsible for most of the polymer
mechanical properties, also explains why hyperbranched polymers cannot be used
as thermoplastics for structural applications. Although some crystalline or liquid
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crystalline hyperbranched polymers have been reported, most hyperbranched
polyesters described so far are amorphous. Glass transition temperature is strongly
influenced by the nature of endgroups, increasing endgroup polarity generally
leading to Tg increase. For instance, Tg values of 150 and 250◦C have been
reported respectively for acetate- and carboxy-terminated aromatic hyperbranched
polyesters,201 while the analogue terminated with long alkyl chains exhibited
a Tg close to 10◦C.202,203 A modified Flory equation taking into account the
nature and number of endgroups has been proposed to predict the Tg of dendritic
molecules.204 The melt viscosity of hyperbranched polymers is also strongly
influenced by the nature of endgroups. Increase in melt viscosity by several orders
of magnitude has been reported for aliphatic polyesters when ester endgroups
are replaced by more polar hydroxy endgroups.62 High solubility in common
organic solvents is another remarkable feature of hyperbranched polymers, which
strongly depends on the nature of endgroups. Polar endgroups such as metal
carboxylate may confer solubility in water to nonpolar hyperbranched polymers.
The term unimolecular micelle has been coined by Kim and Webster205 for lithium
carboxylate-terminated hyperbranched polyphenylenes, which can be described
as globular macromolecules with a hydrophobic inner part and a polar outer shell.

2.2.3.3 Polyester-Based Networks

The polyesterification of carboxy and hydroxy polyfunctional monomers such as
glycerol and phthalic acid yields crosslinked, hard materials. Since gelation starts
at relatively low conversion, it is difficult to prepare prepolymers having viscosity
and other properties appropriate for applications as thermosetting resin in coat-
ings, laminates, or moldings. Moreover, the high reaction temperature and long
reaction time required to achieve fully crosslinked materials and the formation
of water during crosslinking make this chemistry of very limited practical use.

Polyester-based networks are typically prepared from polyester prepolymers
bearing unsaturations which can be crosslinked. The crosslinking process is either
an autoxidation in the presence of air oxygen (alkyd resins) or a copolymerization
with unsaturated comonomers in the presence of radical initiators (unsaturated
polyester resins). It should also be mentioned that hydroxy-terminated saturated
polyesters are one of the basis prepolymers used in polyurethane network prepa-
ration (see Chapter 5).

2.2.3.3.1 Unsaturated Polyester Resins

Unsaturated polyesters are low-molar-mass polymers (1500–2500) obtained by
the polyesterification of stoichiometric mixtures of diols and mixtures of saturated
and unsaturated diacids or anhydrides (see Section 2.4.2.1).

For almost all applications unsaturated polyesters are dissolved in an unsat-
urated monomer capable of free-radical polymerization with the unsaturations
in polyester chains. This polymerizable comonomer is generally styrene, but
other compounds, such as methyl methacrylate, vinyl toluene, α-methylstyrene,
and diallylphthalate, are also used in some applications. Upon heating and in
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the presence of initiators such as peroxides, free-radical copolymerization takes
place and transforms the low-viscosity thermosetting polyester resin into a hard,
insoluble, and infusible crosslinked network. Curing temperature, usually in the
80–160◦C range, depends on initiator decomposition temperature. In the case of
cast polyester resins, accelerators, mainly metal salts, catalyze peroxide decom-
position and promote room temperature cure.

Maleic anhydride is the most widely used unsaturated condensation monomer
for polyester resin preparation. During high-temperature polyesterification,
maleate units are partly or wholly converted into their fumarate trans isomer.
Since fumarate double bonds are much more reactive with styrene than maleate,
the extent of maleate–fumarate isomerization exerts a great influence on crosslink
density and, therefore, should be carefully controlled. Other unsaturated dibasic
acid monomers, such as itaconic acid or cyclopentadiene–maleic anhydride
adducts, can also be employed. General-purpose resins are obtained by reacting
maleic anhydride and phthalic anhydride with 1,2-propanediol and/or 1,2-
ethanediol. The use of isophthalic or terephthalic acid and of diols derived from
bisphenol-A yields resins with higher rigidity and thermal resistance. On the other
hand, saturated aliphatic acids such as adipic or sebacic acid and long-chain diols
such as diethylene glycol, triethylene glycol, or poly(ethylene glycol) improve
flexibility but reduce the water resistance of final material.

The final properties depend not only on unstaturated polyester structure but
also on a number of other parameters, such as the nature and proportion of unsat-
urated comonomer, the nature of the initiator, and the experimental conditions
of the crosslinking reaction. Moreover, since polyester resins are mainly used
as matrices for composite materials, the nature and amount of inorganic fillers
and of reinforcing fibers are also of considerable importance. These aspects have
been discussed in many reviews and book chapters and are beyond the scope of
this chapter.7 – 9

2.2.3.3.2 Alkyd Resins

Alkyd resins are polyesters of polyacids, polyols, and monobasic unsaturated fatty
acids which can undergo crosslinking with oxygen from the air in the presence
of promoters, generally metal salts such as cobalt naphthenate. They yield high-
gloss, flexible, crosslinked coatings with good durability. Typical monomers for
the preparation of alkyd resins are phthalic anhydride, glycerol, and/or pentaery-
thritol and drying oils such as soya or castor oil, that is, mixtures of saturated
and unsaturated fatty acid triglycerides. Due to the presence of mono-, di-, tri-,
and tetrafunctional monomers, alkyd resins are highly branched, polydisperse
polyesters. It is important that the monomer composition be adjusted so that
(i) gelation does not take place during resin synthesis and (ii) the final carboxyl
content is low. Carothers equation is generally used to determine the theoretical
conversion at the gel point, although this method suffers many limitations. Since
hydroxyl groups are used in slight excess to ensure low carboxyl group content
at the end of reaction, the nongelation conditions are given by the equation.
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(pCOOH)gel = 1

fn,COOH
≥ 1 ⇒ fn,COOH ≤ 1 (2.3)

where fn,COOH is the number-average functionality in carboxyl groups, defined
as the total number of carboxyl groups over the total number of molecules in
starting monomer mixture. Since both ester interchange and direct esterification
take place during the synthesis, triglyceride molecules should be taken as mixtures
of glycerol (one molecule, fOH = 3) and fatty acids (three molecules, fCOOH = 1)
in these equations.

The properties of alkyd resins are controlled by the unsaturated fatty acid con-
tent, expressed as the weight percent of corresponding triglyceride (“oil length”).
High triglyceride contents (55–60%) give resins that are soluble in aliphatic
hydrocarbons and rapidly crosslink by autoxidation, yielding films with high gloss
and good mechanical properties. Resins with low triglyceride content (below
40%) are soluble in aromatic hydrocarbons, present longer drying times, and
result in films with inferior properties. Properties also markedly depend on the
conjugated polyunsaturated fatty acid content of the formulation. High contents
yields resins with short drying times which, however, exhibit a notable yellowing
tendency. As usual in polyester chemistry, properties can be finely adjusted by
varying monomer composition. The addition of isophthalic acid gives faster dry-
ing resins and tougher films with higher thermal stability, while aliphatic acids
or long-chain diols impart flexibility to the final material.

The chemistry and structure–properties relationships of alkyd resins are well
established and discussed in many textbooks.50

2.3 SYNTHETIC METHODS

2.3.1 General Considerations

The main polyesterification reactions are assumed to proceed through a
substitution reaction at the carbonyl carbon with the formation of a tetrahedral
intermediate, according to the AAC2 addition–elimination mechanism of Ingold’s
classification206 (Scheme 2.7). This scheme applies to (i) hydroxy–carboxy
direct esterification (X = −OH, Y = −H), (ii) hydroxy–ester interchange
(alcoholysis, X = −OR3, Y = −H), (iii) carboxy–ester interchange (acidolysis,
X = −OH, Y = R4CO−), (iv) ester–ester interchange (transesterification, X =
−OR3, Y = R4CO−), (v) acid chloride–hydroxy reaction (X = −Cl, Y = −H),
and (vi) anhydride–hydroxy reaction (X = R3COO−, Y = −H), where R1

to R4 represent either monomer or growing-chain ends. Negatively charged
nucleophiles such as alcoholates or phenolates are also suitable for solution or
interfacial polyesterifications with acid chlorides.

According to Scheme 2.7, when X is a good leaving group and −OY a
strong nucleophile, the reaction proceeds at high rate in mild conditions. On
the other hand, reactions involving poor leaving groups and weak nucleophiles
must be carried out at high temperature during a long reaction time. Increasing the
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electron-withdrawing character of R and/or X decreases the electron density on
the carbonyl carbon atom and favors the formation of reaction intermediate, thus
increasing the reaction rate. On the other hand, resonance interactions between
the carbonyl group and either R or X have a stabilizing effect on the starting
carboxylic acid derivative, which decreases the rate of formation of the reaction
intermediate. The presence of bulky groups close to the reaction site also does
not favor the formation of ester, explaining why tertiary alcohols cannot be used
in polyesterification reactions.

Most esterifications are equilibrium processes. The equilibrium constant
depends on the nature of monomers and is generally low for common
polyesterification reactions (K ≈ 4 for carboxylic acid–alcohol reactions). This
means that high-molar-mass polyesters can be obtained only if the by-product,
water, alcohol, or acid (X–Y in Scheme 2.7) is continuously and efficiently
removed from reaction medium in order to shift the equilibrium to the right.
On the other hand, reactions involving acid chlorides or activated carboxylic
acids are generally regarded as “nonequilibrium” polyesterifications, due to the
high value of their equilibrium constant (K = 4700 for acid chloride–phenol
polyarylate synthesis).207 Polyesterifications can, therefore, be divided into
two main categories: (i) high-temperature bulk polyesterifications, mainly
hydroxy–carboxy reactions and hydroxy–ester and carboxy–ester interchange
reactions, and (ii) nonequilibrium polyesterifications, generally low-temperature
solution reactions involving highly reactive monomers such as acid chlorides
or activated carboxylic acids. A third class of polyester syntheses consists of
reactions that are generally not regarded as polyesterifications: epoxy–carboxy
reaction, ring-opening polymerization of cyclic esters, and some miscellaneous,
sometimes exotic, reactions.

2.3.2 High Temperature Bulk Polyesterifications

From the preceding discussion, it is easily understood that direct polyesteri-
fications between dicarboxylic acids and aliphatic diols (Scheme 2.8, R3 = H)
and polymerizations involving aliphatic or aromatic esters, acids, and alcohols
(Scheme 2.8, R3 = alkyl group, and Scheme 2.9, R3 = H) are rather slow at room
temperature. These reactions must be carried out in the melt at high temperature
in the presence of catalysts, usually metal salts, metal oxides, or metal alkoxides.
Vacuum is generally applied during the last steps of the reaction in order to elim-
inate the last traces of reaction by-product (water or low-molar-mass alcohol,
diol, or carboxylic acid such as acetic acid) and to shift the reaction toward the
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formation of high-molar-mass polyester. Ester–ester interchange (Scheme 2.9,
R3 = alkyl group) is much slower than hydroxy–ester and carboxy–ester inter-
change and is seldom applied to polyester synthesis.
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Phenolic compounds are weaker nucleophiles and better leaving groups than
aliphatic alcohols. They do not yield polyesters when reacted with carboxylic
acids or alkyl carboxylates. The synthesis of polyesters from diphenols is, there-
fore, generally carried out through the high-temperature carboxylic acid–aryl
acetate or phenyl ester–phenol interchange reactions with efficient removal of
reaction by-product (Schemes 2.10 and 2.11, respectively).

C
O

OH
Ar1 + C

O

O
Ar1

Ar2
+ CH3COOH

Bulk reaction
250−320 °C

Ar1, Ar2 = Aryl groups

↑
Vacuum

C
O

O
H3C

Ar2

Scheme 2.10

C
O

O
Ar1 + C

O

O
Ar1

Ar2
+

Bulk reaction
180−310 °C

Ar1, Ar2 = Aryl groups; Ph = Phenyl group

↑
Vacuum, Sb 2O3

HO Ar2

Ph
Ph OH

Scheme 2.11



SYNTHETIC METHODS 63

Since polyesterifications are step-growth processes, the synthesis of high-
molar-mass polyesters requires high-purity monomers in precisely adjusted sto-
ichiometric ratio and with conversion close to unity (say above 99%). Side
reactions (see Section 2.2.1.2) which may cause imbalance of reactive groups
and limit the molar mass or may lead to the formation of undesired changes
in polymer structure, must also be carefully controlled. This may be difficult in
the case of high-temperature bulk reactions, especially those involving aliphatic
monomers, which begin to degrade above 220◦C.

It should be stressed that the various high-temperature ester interchange
reactions play a very important role in achieving high-molar-mass polyesters.
Monomer excess adventitiously or deliberately introduced in reaction mixture
can be eliminated at high temperature and under vacuum through hydroxy–ester,
carboxy–ester, or ester–ester interchanges, either during the last steps of the
reaction or during a subsequent high-temperature solid-state postpolymerization
stage. Such a procedure is applied in the synthesis of PET from terephthalic
acid and 1,2-ethanediol (see Sections 2.3.2.1, 2.4.3.1.2, and 2.4.3.1.3) and can
be extended to almost any kind of polyester.

As already discussed (Section 2.2.1.3), interchange reactions are also impli-
cated in the formation of random copolyesters exhibiting the “most probable”
molar mass distribution when polyester blends are melt mixed. They are also
involved in the randomization of block copolyesters taking place in the melt
upon heating.208 – 211

Cyclic oligomers are formed during step-growth polymerization,212 – 214 either
by reactions between endgroups of the same chain or by hydroxy–ester and
carboxy–ester “back-biting” reactions between endgroups and ester groups of
the same chain. The presence of cyclics is, therefore, unavoidable in most step-
growth polymers and polyesters are not an exception.92,215 Since the ring-chain
equilibrium is displaced toward the formation of cyclics in dilute solutions, solu-
tion processes are likely to yield higher amounts of cyclics than reactions carried
out in the bulk.

2.3.2.1 Direct Polyesterification

2.3.2.1.1 Applications

The carboxy–hydroxy reaction (direct esterification) is the most straightforward
method of polyester synthesis. It was first reported in the 1930s by Carothers10 – 12

and is still a very widely used method for the synthesis of polyesters from
diacids and diols (Scheme 2.12) or from hydroxy acids (Scheme 2.13). Direct

COOHR1 + R2HOHOOC OH
160−290 °C

R1 COOOOC R2H OH
n

    (2n − 1) H2O ↑

n n
Bulk

+

Scheme 2.12
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polyesterification is rather slow at room temperature and must be carried out
at high temperature (150–290◦C depending on monomers) and high endgroup
concentration, preferably in the bulk. Vacuum is generally applied during the
last steps of reaction to distill off reaction water and to continuously shift
the reaction toward the formation of high-molar-mass polyester. In the case
of alkyd resins or unsaturated polyesters, toluene or xylene (5–15% mass) is
sometimes added in reaction medium to facilitate water removal through the
formation of toluene– or xylene-water azeotropic mixture (see Section 2.4.2.3).
Direct polyesterification is particularly well suited to the syntheses of aliphatic
polyesters, unsaturated polyesters, and aromatic–aliphatic polyesters such as PET
and PTT, which involve reactions between aliphatic or aromatic carboxylic acids
and primary or secondary aliphatic alcohols. It is not applicable to the synthe-
sis of polyesters from monomers containing phenol or tertiary alcohol groups,
which exhibit a very low reactivity with carboxylic acids, even at high temper-
ature and in the presence of catalysts. In this case (e.g., for the preparation of
wholly aromatic polyesters), methods involving hydroxy–ester or carboxy–ester
interchange reactions are generally preferred.

Although low-molar-mass aliphatic polyesters and unsaturated polyesters can
be synthesized without added catalyst (see Sections 2.4.1.1.1 and 2.4.2.1), the
presence of a catalyst is generally required for the preparation of high-molar-
mass polyesters. Strong acids are very efficient polyesterification catalysts but
also catalyze a number of side reactions at elevated temperature (>160◦C),
leading to polymers of inferior quality. Acid catalysts are, therefore, not much
used. An exception is the bulk synthesis of hyperbranched polyesters reported in
Section 2.4.5.1, which is carried out at moderate temperature (140◦C) under vac-
uum in the presence of p-toluene sulfonic acid catalyst. The use of strongly acidic
oil-soluble catalysts has also been reported for the low-temperature synthesis of
polyester oligomers in water-in-oil emulsions.216

Metal salts and oxides, such as zinc acetate and diantimony trioxide, and
organometallic compounds, mainly titanium and zirconium alkoxides, are the
preferred catalysts for bulk polyesterifications carried out in the 160–290◦C
range.217 Thus, the most important method of PET synthesis involves the bulk
polyesterification of purified terephthalic acid (PTA) with 1,2-ethanediol (ethylene
glycol, EG). The reaction is performed in two stages. In the first stage PTA
is reacted with excess EG (ca. 1 : 1.2 ratio) under pressure at 230–270◦C
with elimination of water (direct esterification), yielding a low-molar-mass
hydroxyethyl terephthalate– terminated oligomer. The medium is then stepwise
heated to 270–290◦C under a progressively reduced pressure (10–50 Pa) until
excess EG is eliminated and high-molar-mass PET (DPn ≈ 200) is obtained.
No catalyst is usually required for the first reaction stage. The second stage
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involves hydroxy–ester interchange reactions for which Sb2O3 is an efficient
catalyst (see Sections 2.3.2.2.1 and 2.4.3.1.2.) (Scheme 2.14). The molar mass
of PET can be further increased by a solid-state postpolymerization under inert-
gas flow or under vacuum at 220–250◦C (see Section 2.4.3.1.3). The synthesis
of poly(trimethylene terephthalate), PTT, is essentially the same, starting from
1,3-propanediol instead of 1,2-ethanediol.27 Due to 1,4-butanediol dehydration to
THF in acidic medium, PBT cannot be prepared by direct polyesterification (see
Section 2.3.2.2.1).
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The reaction between acid anhydrides and diols is another convenient method
of polyester synthesis. The reaction proceeds in two steps with the formation of
an intermediate hydroxy acid (Scheme 2.15).
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Since anhydrides are much more reactive than carboxylic acids, reaction kinet-
ics is controlled by the second step. The scope and applications of this reaction
are the same as direct polyesterification but are practically limited to the synthesis
of unsaturated polyesters and alkyd resins from phthalic and maleic anhydrides
(see Sections 2.4.2.1 and 2.4.2.3).
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2.3.2.1.2 Reaction Mechanisms and Catalysis

The kinetics of uncatalyzed and catalyzed bulk direct polyesterifications has been
extensively studied, both for theoretical considerations — the elucidation of reac-
tion mechanisms — and for practical purposes — the optimization of industrial
processes. The polymeric nature of reaction medium complicates the interpre-
tations of kinetic studies carried out on bulk polyesterification reactions: The
polarity of reaction medium dramatically changes during polyesterification, from
that of a relatively polar diol–diacid mixture to that of a relatively nonpolar high-
molar-mass polyester. Moreover, reaction kinetics becomes diffusion controlled
at high extents of reaction, due to increasing viscosity. Since the devolatilization
of reaction water becomes increasingly difficult as the reaction proceeds, ester
hydrolysis may also contribute to the overall kinetics in the last steps of the reac-
tion. Some studies have been carried out taking into account a contribution of the
reverse reaction (hydrolysis) at the end of the reaction,218 – 224 but it is, however,
generally considered that water is efficiently removed from reaction medium in
the conditions used and that this side reaction does not significantly contribute
to the overall kinetics. In the case of some reaction systems (e.g., monomer mix-
tures containing terephthalic acid), the kinetics of the early stages may also be
perturbed by initial heterogeneity. It must finally be remarked that ester–ester,
hydroxy–ester, and carboxy–ester interchange reactions, which also take place
during diacid–diol polyesterifications, do not contribute to chain growth and
polyesterification kinetics provided that low-molar-mass diols or diacids are not
distilled off from reaction medium.

In his early studies on polyesterification kinetics, Flory225 – 227 demonstrated
that reaction stages above ca. 80% conversion only should be taken into account
when discussing the mechanisms of high-temperature bulk polyesterifications. In
these conditions polarity no longer changes with conversion, and the reaction
medium can be considered as an “ideal” diluted solution of reactive groups in
polyester — provided that viscosity is not too high and the reaction is not diffu-
sion controlled. Although these limits were clearly stated by Flory, many authors
have put forward reaction mechanisms based on studies where the whole course
of the reaction was taken into account, resulting in many controversial interpreta-
tions of polyesterification kinetics. The kinetics and mechanisms of diacid–diol
polyesterifications and the conditions in which kinetic studies can be discussed
in terms of reaction mechanisms have been reviewed.2,217

REACTIONS WITHOUT ADDED CATALYST Flory225 – 227 showed that both mono- and
polyesterifications are third-order processes similar to the processes found for
solution esterifications and that the reactivity of hydroxyl and carboxyl end-
groups does not depend on chain length. These early findings have been confirmed
by many other studies,228 – 231 and order 2 in acid and order 1 in alcohol were
confirmed in polymeric medium.232,233 The proposed mechanism involves an
autocatalysis of the reaction by the carboxylic acid, the rate-determining step
being the nucleophilic addition of the alcohol on protonated carboxylic acid

Administrator
ferret
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(Scheme 2.16). Assuming that protonation is an equilibrium and the concentration
of protonated carboxylic acid is very low, the rate equation is as

v = k[B][R′OH] = kK[RCOOH]2[R′OH] (2.4)
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Although the third-order mechanism is the most commonly accepted, many
other have been proposed, including 1st order (in the presence of excess gly-
col),234 2nd order,235,236 2.5 order,235,237 – 239 3rd order with order 1 in acid and
order 2 in alcohol,240 – 242 succession of 2nd and 3rd orders219,243 or varying reac-
tion order,244 and more complex mechanisms such as a 6th overall order.245

Most of these studies, however, were carried out in reaction media which do
not fulfill Flory’s ideality conditions or in reaction media that are quite differ-
ent from polyesters (e.g., nonpolar long-chain fatty acid esters).239 It must also
be mentioned that many studies are devoted to the simulation of polyesterifica-
tions taking place in technological conditions rather than to the determination of
reaction mechanisms. In these studies, reaction orders are taken from plausible
reaction mechanisms or are only semiempirical parameters not directly connected
to reaction mechanisms.237,244,246 – 249

REACTIONS CATALYZED BY STRONG PROTONIC ACIDS The kinetics of polyesterifica-
tions catalyzed by strong protonic acids, mainly H2SO4 and benzene, toluene,
and naphthalene sulfonic acids, has also been extensively examined. In con-
trast to the reactions carried out without added catalyst, nearly all results agree
with a third-order mechanism, first order in acid, alcohol, and catalyst. At con-
stant catalyst concentration, the reaction can be considered as a second-order
one.220,226,227,233,238,239,250,251 In spite of this concordance, the various authors
suggest mechanisms that involve either ion pairs or free ions. The generally
accepted reaction scheme has a close resemblance to the preceding one, with pro-
tonation of carboxylic acid by the added protonic acid and formation of ion pairs
(Scheme 2.17). From this scheme, reaction rate can be expressed by Eq. (2.5),
assuming that the concentration of the dissociated form of protonic acid catalyst
is negligible with respect to initial catalyst concentration [AH]0:

v = k[C][R′OH] = kK[AH]0[RCOOH][R′OH] (2.5)
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CATALYSIS BY LEWIS ACIDS AND METAL ALKOXIDES Most industrial processes relative
to direct polyesterification require the use of metal salts or organometallic deriva-
tives as catalysts, especially for the synthesis of high-melting aromatic–aliphatic
polyesters such as PET. An enormous number of references relative to polyester-
ification catalysts, mainly patents, have appeared in the literature, and derivatives
of practically all elements have been claimed to be esterification or polyesteri-
fication catalysts.217 The number of references relative to reaction mechanisms
and to reactivity comparison is, however, much lower and the information avail-
able on metal-catalyzed reaction mechanisms is often controversial. The catalytic
efficiency of various metal derivatives has been estimated by Malek et al.252,253

from reactions of aromatic acids in aliphatic diols. These studies, as well as oth-
ers, show that the most efficient catalysts are titanium and zirconium alkoxides
and tin derivatives such as Bu2SnO. Other catalysts such as Zn, Pb, Al, Mn,
Mg, Cd, Co acetates, Cu and La acetylacetonates, and Sb2O3 exhibit much lower
reactivity.252 – 254 It is generally accepted that the metal ligands are exchanged with
the carboxyl and hydroxyl groups present in reaction medium. Tetrabutyltin,253

which does not exchange its ligands, and titanium alkoxides with strongly attached
ligands such as 1,2-phenylenedioxy groups,254 display no or little catalytic activ-
ity. On the other hand, when ligands can be exchanged, the catalytic activity does
not depend on initial ligands. A reasonable reaction scheme has been proposed for
tetraalkoxyzirconium-catalyzed reactions255 involving (i) the exchange of initial
ligands (i-propoxy in the present case), (ii) the reversible formation of carboxyla-
tozirconium species, (iii) the nucleophilic attack of hydroxyl groups leading to the
formation of the ester and Zr–OH groups, and (iv) the re-formation of catalytic
species, alkoxy- and/or carboxylatozirconium compounds (Scheme 2.18).

According to this scheme, the catalytic effect arises from the complexation
of carbonyl group on the metal atom, which induces a positive charge on the
carbonyl carbon atom and favors the nucleophilic attack of hydroxyl groups.
The nature of catalytic species, therefore, changes during the course of reaction,
and the results suggest that the catalytic activity depends on the composition of
reaction medium. Moreover, the presence of reaction water, which is unavoidable
in direct esterification, may lead to the formation of metal–O–metal bonds and
of condensed forms of metal alkoxides. This decreases the number of active
exchangeable sites and, therefore, lowers catalytic activity.256,257 In view of the
complexity of such reactions, it is rather difficult to discuss the kinetic results in
terms of reaction orders.
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2.3.2.2 Transesterification Polymerizations

2.3.2.2.1 Applications

Transesterifications, also termed ester exchange or ester interchange reactions,
include hydroxy–ester, carboxy–ester, and ester–ester reactions. Hydroxy–ester
reaction is the most important one and is used for many aromatic–aliphatic and
wholly aromatic polyester syntheses. Carboxy–ester interchange is restricted to
the synthesis of wholly aromatic polyesters while the ester–ester route is rarely
used for polyester preparation due to slow kinetics. All these reactions may take
place in comparable experimental conditions and can be catalyzed by similar
classes of compounds.

SYNTHESIS OF AROMATIC–ALIPHATIC POLYESTERS Hydroxy–ester interchange (alco-
holysis) reactions play a predominant role in most industrial preparations of
aliphatic and aromatic–aliphatic polyesters. The original industrial synthesis of
PET13 is based on the reaction between dimethyl terephthalate (DMT) and excess
EG (Scheme 2.19). The reaction is carried out in two stages. During the first
stage, methanol is distilled off and a low-molar-mass hydroxyethyl terephtha-
late– terminated oligomer is produced. The second stage involves intermolecular
reactions between hydroxy and ester endgroups with elimination of EG. Vac-
uum is applied at the end of the reaction until high-molar-mass PET is obtained.
This stage is similar to the second stage of the direct esterification method (see
Section 2.3.2.1.1). Catalysts such as acetates of calcium, zinc, magnesium, or
manganese are generally used in the first stage and Sb2O3 in the second one.
Phosphorus-containing compounds may be added at the end of the first stage to
deactivate the metal acetate catalyst, which may promote yellow discoloration
during the second stage. Titanium compounds are very efficient catalysts for
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both stages but are not generally used because they generate undesirable yel-
low discoloration in the presence of EG. However, complex mixtures comprising
titanium alkoxides, phosphorus compounds, and complexing agents258 or cobalt
salts259 have been claimed to yield high-molar-mass low-color PET. Although
the modern PET industrial synthesis is based on the direct polyesterification of
purified terephthalic acid with EG (Section 2.3.2.1.1), the DMT/EG method dis-
cussed here is still used for ca. 10% of PET production. Experimental details are
given in Section 2.4.3.1.1.

Since 1,4-butanediol (BD) undergoes dehydration side reaction in the presence
of acid resulting in THF formation, the hydroxy–ester interchange reaction is the
preferred method for the preparation of PBT. The first stage of reaction is carried
out at 150–200◦C and consists of a hydroxy–ester interchange between DMT and
excess butanediol with elimination of methanol. In the second stage, temperature
is raised to 250◦C and BD excess is eliminated under vacuum. Tetraisopropoxy-
and tetrabutoxytitanium are efficient catalysts for both stages (Scheme 2.20).
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Because naphthalene-2,6-dicarboxylic acid has a very low solubility in EG and
is not easily available, PEN is also prepared using the two-stage hydroxy–ester
interchange procedure, starting from dimethyl naphthalene-2,6-dicarboxylate
(DMN) and excess EG. Zinc or manganese diacetate catalysts are used for
the first stage and Sb2O3 for the second one, with final temperature close
to 290◦C.118,260 – 263 Titanium compounds are very efficient ester interchange
catalysts, but as observed for PET synthesis, discoloration in the presence
of EG prevents their use in PEN preparation. It should finally be mentioned
than hydroxy-terminated aliphatic polyesters can also be prepared following this
reaction scheme.

Due to the high reaction temperatures required during the last stages of these
syntheses, side reactions cannot be avoided. Acetaldehyde, carboxyl endgroups,
and vinyl endgroups are formed during PET and PEN synthesis. The formation
of 2,2′-oxydiethylene moieties in polymer chains by etherification of hydroxyl
endgroups is also a well-known side reaction of EG polyester syntheses.264 These
reactions should be carefully controlled since they can exert an important influ-
ence on polymer properties such as Tg, mechanical properties, hydrolytic stability,
and discoloration.

SYNTHESIS OF WHOLLY AROMATIC POLYESTERS Besides the acid chloride/phenol
reaction (see below Section 2.3.3.1), high-temperature melt reactions between
bisphenol diacetates and aromatic dicarboxylic acids (Scheme 2.21) or between
bisphenols and aromatic dicarboxylic acid diphenyl esters (Scheme 2.22) are the
preferred routes for the synthesis of wholly aromatic polyesters. The presence
of ester interchange catalysts such as antimony oxide or titanium alkoxide is
generally required for the phenol–ester route but is optional for the carboxy–ester
one, for which acetates of various metals such as zinc or manganese are the
most effective catalysts. As usual, vacuum must be applied during the last steps
of reaction to efficiently remove the by-products, either acetic acid or phenol,
in order to achieve high molar mass and good thermal stability for the final
polymer. The bisphenol diacetate route, which produces acetic acid by-product,
is the preferred method for the synthesis of liquid crystalline aromatic polyesters.
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Carrying out reactions in such a temperature range, however, leads to a number
of difficulties and limitations that are not easy to overcome: (i) the volatilization
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of dicarboxylic acid monomers during the first steps of reaction may cause
stoichiometric imbalance of reactants; (ii) polymers melts are often very vis-
cous, resulting in diffusion-controlled kinetics and slowed reaction rates; and
(iii) side reactions occurring at high temperature lead to structural defects such
as o-hydroxybenzophenone and quinonoid structures which result in yellow- or
amber-colored products. The addition of high-boiling-point inert solvents, dilu-
ents, or swelling agents such as diphenyl ether, aromatic sulfones, chlorinated
biphenyls, cyclohexylbiphenyls, and dibenzylbenzenes often helps in reducing
melt viscosity and eliminating reaction by-products, thus enhancing reaction rate.
In a final stage, the molar mass of high-melting semicrystalline polyesters can be
increased by solid-state postpolymerization carried out under vacuum or nitrogen
flow at a temperature below Tm.

The use of silylated monomers is an interesting alternative method of aromatic
polyester synthesis since the silylated gaseous by-products cannot participate in
the reverse reaction, shifting polyesterification toward polymer formation. Reac-
tions between silyl esters and acetates (Scheme 2.23) and reactions between
silyl ethers and acid chlorides (Scheme 2.24) have been applied to the synthe-
sis of linear265 – 267 and hyperbranched wholly aromatic polyesters202,268,269 (see
Section 2.4.5.2.2).

Ar1 COO Si(CH3)3 CH3COO Ar2 Ar1 COO Ar2

CH3COOSi(CH3)3  ↑

Bulk

240–400 °C
+

+

Scheme 2.23

Ar1 COCl + Si(CH3)3O Ar2 Ar1 COO Ar2 Si(CH3)3Cl  ↑
Bulk

190–350 °C
+

Scheme 2.24

2.3.2.2.2 Reaction Mechanisms and Catalysis

HYDROXY–ESTER INTERCHANGE REACTIONS Hydroxy–ester interchange is much
slower than direct polyesterification, and the addition of catalysts is always
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required for the synthesis of high-molar-mass polyesters. Within the very large
number of derivatives of almost all existing elements that have been claimed to
catalyze hydroxy–ester interchange reactions, metal salts, oxides, and alkoxides
are the most often cited compounds. The activity of a given catalyst during
the first step of polymerization (reaction of methyl ester groups) may be quite
different from that observed during the polycondensation step (reaction of
hydroxyalkyl ester groups) (Scheme 2.19).

Lead, Zn, and Mn derivatives are generally considered as the most efficient
catalysts for the first stage of reaction, followed by a group of catalysts comprising
Co, Mg, Ti, Ni, Sn, and Ca derivatives. The catalytic activity of Sb compounds is
much lower. Thus, the following decreasing orders in catalytic activity were found
for the dimethyl 2,6-naphthalate–1,2-ethanediol reaction taking place during the
first stage of PEN synthesis: Pb(II) > Zn(II) >Mn(II) > Co(II) > Ti(IV) > Sn(II)
> Mg(II) > Ca(II) > Na(I) > Sb(III)270 and Pb(II) ≥ Zn(II) > Co(II) > Mg(II)
> Ni(II) ≥ Sb(III).271 Many resembling results have been published on the first
stage of PET synthesis. It is finally worth mentioning that synergistic effects can
be obtained using mixtures of catalysts such as Mg, Mn, and Zn acetates.272

On the other hand, Sb2O3 and metal oxides such as GeO2 exhibit a good cat-
alytic activity for the polycondensation step. This explains why the associations
of metal acetates with Sb2O3 are often reported catalytic systems. The following
order in catalytic activity was found for the PEN polycondensation step: Ti(IV)
> mixtures of Ti(IV) and Sb(III) > Sn(II) > Sb(III) > Co(II) > Zn(II) > Pb(II)
> Mn(II) > Mg(II).270 It should be underlined that titanium and zirconium alkox-
ides are efficient catalysts for both stages of reaction. Lanthanide compounds such
as 2,2′-bipyridyl, acetylacetonate, and o-formyl phenolate complexes of Eu(III),
La(III), Sm(III), Er(III), and Tb(III) appear to be even more efficient than tita-
nium alkoxides, Ca or Mn acetates, Sb2O3, and their mixtures.273 Moreover,
PET produced with lanthanides has been reported to exhibit better thermal and
hydrolytic stability as compared to PET synthesized with the conventional Ca
acetate–Sb2O3 catalytic system.273

Kinetic studies in such reaction media are experimentally difficult, and the
reaction mechanisms are not yet fully understood. It has been shown that the
reactivity of hydroxyl endgroups is not affected by chain length but that the reac-
tivity of 1,2-ethanediol hydroxyls can be very different from that of hydroxyl
endgroups.274 – 276 The experimental data generally fit second-order theoretical
kinetic curves, and the reaction is assumed to be first order in both hydroxyl
and ester groups. This allows the determination and the comparison of cat-
alytic activities.2,270,276 – 279 Decreasing orders in catalyst are often reported at
high catalyst concentrations or high conversions. This is usually assigned to
the formation of catalyst dimers or oligomers.277,280,281 The catalytic activity
of metal acetates has been examined with respect to their acidity factor β,
which corresponds to the stability constant of dibenzoylmethane complex for
the considered metal species.282 The results indicate that very strong or very
weak carbonyl–metal interactions are unfavorable factors with regard to catalytic
activity.282,283 The absence of interactions obviously results in poor catalytic
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activity. On the other hand, very strong carbonyl–metal interactions would result
in the formation of stable complexes, slowing the ligand exchanges responsible
for the catalytic effect. The formation of strong complexes between EG and anti-
mony has frequently been proposed to explain the low catalytic activity of this
metal in alcohol-rich medium.284,285 The presence of carboxyl groups has also
been reported to inhibit the catalytic activity of various acetates and alkoxides.
A reasonable mechanism should involve the coordination of the ester carbonyl
to the metal atom, favoring the nucleophilic attack of alkoxy ligands or hydroxyl
endgroups on the corresponding carbon. It could be written as a succession of
(1) ester interchange and (2) ligand exchange, yielding the low-molar-mass alco-
hol or diol by-product (Scheme 2.25).
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This scheme is remarkably close to the coordination insertion mechanism
believed to operate in the metal alkoxide–catalyzed ring-opening polymerization
of cyclic esters (see Section 2.3.6). It shares many features with the mecha-
nism proposed above for the metal alkoxide–catalyzed direct polyesterification
(Scheme 2.18), including the difficulty of defining reaction orders.

CARBOXY–ESTER INTERCHANGE REACTION Carboxy–ester interchange (also termed
acidolysis) has been much less studied than hydroxy–ester interchange and little
is known about the reaction mechanisms.286 The reaction of terephthalic acid with
aromatic diacetates without added catalyst has been examined assuming first order
in each reactant.287 The kinetics is rather complex since reaction takes place in a
multiphase system, terephthalic acid being insoluble in reaction medium. Similar
results were found for the polyesterification of 4-acetoxybenzoic acid,288 yielding
nonmeltable poly(4-hydroxybenzoic acid), or for its copolyesterification in PET,
forming poly(ethylene terephthalate-co-4-oxybenzoyl), through ester interchange
reactions.289



SYNTHETIC METHODS 75

2.3.3 Nonequilibrium Polyesterifications

Nonequilibrium polyesterifications are characterized by their irreversible nature,
which drives the reaction toward the formation of polyester.207 These reactions
generally involve highly reactive monomers such as acid chlorides or activated
carboxylic acids and are conducted either in solution or in heterogeneous medium.
They present some marked advantages over equilibrium polyesterifications since
they can yield high-molar-mass polymers in mild conditions in a short time with-
out ester interchange or degradative side reactions. Therefore, they are well suited
for the synthesis of very high melting aromatic polyesters290 and for the synthe-
sis of polyesters bearing functional groups (e.g., unsaturations) which would
react during melt synthesis.291 They are also convenient for the synthesis of
polyesters with controlled architecture or microstructure, as block or alternating
copolyesters.292,293 The disadvantages comprise uneasy control of polymer molar
mass and the formation of higher amounts of cyclic oligomers with comparison
to melt polycondensations. In addition, environmental concerns connected to the
use of acid chlorides and organic solvents, difficulties in getting rid of traces of
catalysts or of reaction by-products, and the use of relatively expensive starting
materials have somewhat limited the interest of researchers in these reactions.
Very little new information has appeared in the literature on the mechanisms and
catalysis of these reactions since the end of the 1980s.

2.3.3.1 Acid Chloride–Alcohol Reaction

The reaction between acid chlorides and aliphatic alcohols or phenolic com-
pounds commonly takes place at low to moderate temperature (−10 to 100◦C)
in solution or by interfacial or dispersion polymerization techniques. It has been
widely applied to polyester synthesis. Reviews and books are available on the
polymerization techniques as well as on the chemistry of this reaction.2,207,294

2.3.3.1.1 Solution Reactions

Solution reactions between diacid chlorides and diols or diphenols are carried
out in THF or CH2Cl2 at −10 to 30◦C in the presence of tertiary amines such
as triethylamine or pyridine, which play a role of both reaction catalyst and HCl
acceptor (Scheme 2.26). This synthetic method is also termed acceptor–catalytic
polyesterification.295 – 297 High-temperature solution reactions have also been
reported for a number of less soluble, generally semicrystalline, aromatic
polyesters.6 They yield high-molar-mass polyesters exhibiting good mechanical
properties and thermal stability.
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The by-product (HCl) precipitates in the form of its quaternary ammonium
salt and cannot participate in the reverse reaction. This also prevents possible
H+-catalyzed side reactions during polymerization or polymer processing. The
existence of such side reactions is the reason high-temperature bulk or solid-state
processes involving acid chlorides, although possible, are not commonly applied
to polyester synthesis. It is also worth mentioning that highly exothermic reactions
between tertiary amines and the dichlorides of maleic, fumaric, or succinic acids,
leading to black tarry compounds, have been reported.291,298

The reaction is generally believed to proceed via the formation of ionic acylam-
monium intermediate compounds (Reaction 1, Scheme 2.27). The equilibrium
constant of the acylammonium formation depends mostly on steric and reso-
nance factors, while the basicity of the tertiary amine seems to play a secondary
role.297 In the case of the less basic compounds, such as acidic phenols, and of
strong tertiary amines, such as trialkylamines, the reaction has been reported to
proceed through a general base mechanism via the formation of hydroxy–amine
H-bonded complexes (Reaction 2, Scheme 2.27).297
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+
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Scheme 2.27

Reaction order 1 in each reactant and in tertiary amine has been often reported
or assumed,207,295 but the kinetics of the reaction appears to be much more com-
plex and is still not well understood. The nature and polarity of the solvent, the
basicity of tertiary amine, and the reaction temperature seem to play a major
role in reaction kinetics: Increasing solvent polarity results in a dramatic increase
in reaction rate,297 but it has also been reported that reaction rate decreases in
solvents which are able to form H bonds with phenols.296 The rate constants
for the first and second COCl of the acid chloride monomer may be quite dif-
ferent, depending on the acid chloride structure and the nature of bisphenol
monomer.207 This feature has been applied to the synthesis of polyesters with
predominant head-to-head or tail-to-head microstructures.297 Polymer precipita-
tion during the course of reaction is often observed, preventing the formation of
high-molar-mass compounds unless the solvent exhibits a high swelling power
with respect to the polymer.290 Dropwise addition of the acid chloride into a solu-
tion of the other monomer is recommended to achieve high-molar-mass polyester:
The acid chloride is completely consumed before the addition of a new portion,
and high-molar-mass polymer is formed when the stoichiometric amount has
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been added. Since excess acid chloride cannot react, stoichiometry is much more
easily controlled than in the case where monomers are added all at once (see
Section 2.4.4.1.1).

2.3.3.1.2 Interfacial Reactions

Interfacial reactions between acid chlorides and alkali metal salts of diphenols
can be carried out at 0–35◦C in systems such as water–CH2Cl2 or
water–chlorobenzene. The acid chloride, which can be either aliphatic or
aromatic, is dissolved in the water-immiscible organic phase and is reacted
with the aqueous alkaline bisphenolate under high-speed agitation. Aliphatic
diols do not form alcoholate ions in aqueous solutions and are, therefore, not
suitable monomers for the preparation of polyesters by the interfacial technique.
On the other hand, this route is very attractive for organic phase-soluble or
swellable aromatic polyesters since good yields and high molar mass can easily
be achieved in this case. It is commercially applied to the synthesis of bisphenol-A
polyarylates such as Unitika’s U-Polymer and is useful for laboratory-scale
preparation of block copolyesters,292,299 of double-bond-containing aromatic
polyesters,291,300,301 and of polythioesters.302

Since reaction takes place at the interface or near the interface, factors such
as stirring speed, the relative volume of organic and aqueous phases, monomer
concentrations, and the nature and concentration of surfactant exert a marked
influence on reaction kinetics and on the resulting polymer yield and molar
mass.294,303 The surfactant increases the total interfacial area and, consequently,
the overall reaction rate and also acts as a phase transfer agent, facilitating the
transportation of phenolate ions in the organic phase.294,304 Ionic surfactants,
mainly quaternary ammonium salts and fatty acid sulfates, at ca. 1–2% mass con-
centration and stirring speed in the 700–1000-rpm range are generally preferred.
In contrast to polyesterifications carried out in homogeneous media, the maximum
molar mass is not necessarily obtained at the equimolar ratio of reactants. The
actual optimum stoichiometric ratio depends on the individual diffusion rate of
reactants to the reaction zone.294 The synthesis of high-molar-mass polyesters has
been reported for acid chloride–bisphenol stoichiometric ratios ranging between
0.58 and 2, depending on reactants and experimental conditions.305,306 As with
solution polyesterification, the gradual addition of one monomer helps in achiev-
ing high-molar-mass polymers (see Section 2.4.1.1.2).

2.3.3.2 Activation Polyesterification

Activating agents, such as trifluoroacetic anhydride; 1,1′-carbonyldiimidazole;
carbodiimides; sulfonyl, tosyl, and picryl chlorides; and a range of phosphorus
derivatives can promote direct solution reactions between dicarboxylic acids and
diols or diphenols in mild conditions. The activating agents are consumed during
the reaction and, therefore, do not act as catalysts. These so-called direct poly-
condensation or activation polycondensation reactions proceed via the in situ
transformation of one of the reactants, generally the carboxylic acid, into a more
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reactive intermediate. This intermediate is not isolated from the reaction medium
and immediately reacts with the other monomer. They have been the subject of
intensive academic research during the 1980s, mainly for the synthesis of high-
melting aromatic polyesters and polyamides in mild conditions. Due to the lower
nucleophilicity of phenols with respect to amines, activation polyesterifications,
however, are much less efficient than the corresponding polyamidations. It is also
worth mentioning that activation polyesterifications have not gained commer-
cial acceptance, cheaper processes and reactants being available for synthesizing
similar polyesters.

Trifluoroacetic anhydride, which activates the polyesterification of 4-hy-
droxybenzoic acid via the formation of a mixed anhydride,307 and 1,1′-
carbonyldiimidazole308 were the first reported activating agents. The reaction
between 1,1′-carbonyldiimidazole and carboxylic acids proceeds through the
formation of N -acylimidazoles, which react with aliphatic diols in the presence
of sodium ethoxide catalyst (Scheme 2.28).
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2,4,6-Trinitrochlorobenzene (picryl chloride) in pyridine–N -methylpyrrolidi-
none (NMP) solutions were later used for the preparation of polyesters from
dicarboxylic acids and diphenols or aliphatic diols,309 but better results have
been obtained with sulfonyl chlorides and phosphorus compounds.

2.3.3.2.1 Phosphorus Compounds

Within the wide range of phosphorus compounds described as activating
agents for polyesterification reactions,2,310 triphenylphosphine dichloride and
diphenylchlorophosphate (DPCP) were found to be the most effective and
convenient ones. In pyridine solution, DPCP forms a N -phosphonium salt which
reacts with the carboxylic acid giving the activated acyloxy N -phosphonium
salt. A favorable effect of LiBr on reaction rate and molar masses has been
reported and assumed to originate from the formation of a complex with the
N -phosphonium salt. This decreases the electron density of the phosphorus atom
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and favors the reaction with the aromatic acid. Good results were obtained
using pyridine–LiBr solutions of DPCP for the polyesterification of aromatic
dicarboxylic acids with diphenols and for the polyesterification of hydroxybenzoic
acids311 (Scheme 2.29). N ,N -dialkylamides, such as dimethyl formamide (DMF),
have also been reported to enhance the activating behavior of DPCP during the
polyesterification of hydroxybenzoic acids, probably through the formation of a
Vilsmeier adduct.312
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Similarly, triphenylphosphine dichloride (TPPCl2) can activate aromatic car-
boxylic acids in pyridine through the formation of acyloxyphosphonium salts
(Scheme 2.30).313 A side reaction between the intermediate acyloxyphosphonium
species and a second carboxyl endgroup leading to the formation of anhydrides
has been reported.313 This chain-limiting reaction decreases the molar mass, while
the presence of anhydride linkages in the chains adversely affects the thermal
and hydrolytic stability of the final polyester.
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Interestingly, the final inactive by-products of these phosphorus-activated reac-
tions, triphenylphosphine oxide or diphenylphosphate, can be converted back to
starting TPPCl2 or DPCP by reaction with COCl2 and SOCl2, respectively.
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2.3.3.2.2 Sulfur Compounds

Sulfur compounds have also been widely studied as activating agents
for polyesterification reactions. p-Toluenesulfonyl chloride (tosyl chloride)
reacts with DMF in pyridine to form a Vilsmeir adduct which easily
reacts with carboxylic acids at 100–120◦C, giving highly reactive mixed
carboxylic–sulfonic anhydrides.312 The reaction is efficient both for aromatic
dicarboxylic acid–bisphenol312 and hydroxybenzoic acid314 polyesterifications
(Scheme 2.31). The formation of phenyl tosylates as significant side products
of this reaction has been reported.315
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Thionyl chloride is another activating agent employed for reactions between
aromatic carboxylic acids and phenols in pyridine solution. The mechanism
suggested does not involve the formation of an acid chloride but assumes the
existence of an intermediary mixed sulfinic anhydride which undergoes reaction
with phenolic endgroups (Scheme 2.32).311
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High molar masses (Mw = 80,000–100,000)311 are reported for soluble
polyesters such as bisphenol-A polyarylates, but terephthalates give much lower
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molar masses, probably due to premature oligomer precipitation during the
course of reaction. The same remark can be made for any type of activation
polyesterifications.

An example of thionyl chloride–activated polyesterification is detailed in
Section 2.4.4.1.3.

2.3.3.2.3 N ,N ′-Dialkylcarbodiimides

N ,N ′-dialkylcarbodiimides, particularly N ,N ′-dicyclohexylcarbodiimide (DCC),
are well-known condensing agents used in the synthesis of peptides. Carbodi-
imides have also been utilized for the synthesis of some polyesters and, in
contrast to the sulfur or phosphorus activating agent discussed above, are suitable
for the synthesis of aliphatic polyesters. Low-molar-mass (Mn = 1000–5000)
polyesters of malic acid316 and polyesters of various alkanedicarboxylic acids
with aliphatic diols317 were thus prepared by reacting the monomer mixture with
DCC in THF solution in the presence of pyridine and p-toluene sulfonic acid.
Poly(lactic acid) has been synthesized by direct polyesterification in CH2Cl2 in the
presence of DCC and 4-(N ,N -dimethylamino)pyridine.318 Improved yields and
high-molar-mass products have been reported for the polyesterification of vari-
ous aromatic–aliphatic hydroxy acids in methylene chloride in the presence of the
4-(N ,N -dimethylamino)pyridinium salt of p-toluenesulfonic acid (Scheme
2.33).315 This salt is assumed to catalyze both the formation of an active N -
acylpyridinium species (reaction 1) and the reaction of phenol endgroups with
anhydride groups (reaction 2) arising from a possible side reaction of activated
carboxylic acid (reaction 3). The formation of inactive N -acylurea (reaction 4) is,
therefore, suppressed. This route is, of course, only suitable to soluble polyesters.
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Scheme 2.33

2.3.3.3 Reaction between Alkali Metal Carboxylates and Dihaloalkanes

The reaction of dicarboxylic acid cesium or potassium salts with alkylene
dihalides is another method of polyester preparation in relatively mild conditions
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(Scheme 2.34).319 – 322 Since the alkali metal salt formed does not react with
ester groups, the molar mass is not limited by the reverse reaction and this
polyesterification can be regarded as a nonequilibrium one.

Dibromo derivatives are much more reactive than their dichloro counterparts,
which generally need prolonged heating at higher temperature to yield only
moderately high molar mass polymers. A carboxylate salt excess, (ca. 10%)
is favorable for the polyesterification reaction319 while larger excess (50%) does
not cause any important changes in yield or molar mass.323 This reflects the het-
erogeneous nature of reaction medium. As with other polyesterifications carried
out in solution, the amount of cyclic oligomers is quite high, especially in the
case of reactions involving cesium carboxylates320 or in the case of polyesters
containing maleate321, o-phthalate,321 or pimelate units.320 Thus, the amount of
cyclic products reported in maleate, phthalate, and fumarate polyesters obtained
by reacting the corresponding potassium dicarboxylates with 1,4-dibromobutane
was respectively 33, 49, and 10% mass.321 Since the polymer is isolated by pre-
cipitation in a nonsolvent in which cyclics are soluble, usually methanol, the
reported yields decrease accordingly.

Using this method, it was possible to prepare high-molar-mass (80,000),
configurationally pure poly(alkylene maleate) without any isomerized fumarate
units in the chains.324 This could not be achieved by the conventional high-
temperature reaction between maleic anhydride and diols due to the simultaneous
cis/trans maleate/fumarate isomerization taking place in these conditions. This
method has also proven to be useful for the laboratory-scale preparation
of alternating- or multiblock unsaturated polyesters as well as hydroxyl
group — containing polyesters from tartaric or malic acids.322

2.3.4 Enzyme-Catalyzed Polyesterifications

Enzymes are proteins that exhibit a high catalytic efficiency and specificity for a
given chemical reaction. Lipases and esterases belong to a class of enzymes
referred to as hydrolases that specifically catalyze the in vivo hydrolysis of
esters. These enzymes — mainly lipases — were also found to catalyze a num-
ber of in vitro esterification and polyesterification reactions in organic medium
and have consequently been employed as biocatalysts in various nonbiosyn-
thetic processes. These reactions proceed in very mild conditions with a high
substrate-, stereo-, regio-, and chemioselectivity without forming undesirable side
products.325 Enzyme-catalyzed polyesterifications are carried out at 20–80◦C in
solution or in the bulk using free or immobilized enzymes, which are usually
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removed from reaction medium by filtration at the end of the reaction. Solvent
hydrophobicity plays an important role in enzymatic activity, particularly for
lipases which normally act at oil–water interfaces in living cells.326 The best
reactivity is found for hydrophobic solvents such as hexane, toluene, diisopropy-
lether, or diphenylether. Hydrophilic polar solvents such as DMSO or methanol
lead to deep significant modifications in enzyme conformation and, therefore, to
a dramatic decrease in catalytic activity.327

Polyesters have been obtained in organic medium by polyesterification of
hydroxy acids,328,329 hydroxy esters,330 stoichiometric mixtures of diols and
diacids,331 – 333 diols and diesters,334 – 339 and diols and cyclic anhydrides.340

Lipases have also been reported to catalyze ester–ester interchanges in solution
or in the bulk at moderate temperature.341 Since lipases obviously catalyze the
reverse reaction (i.e., hydrolysis or alcoholysis of polyester), lipase-catalyzed
polyesterifications can be regarded as equilibrium polycondensations taking place
in mild conditions (Scheme 2.35).

COORR1 + COOR1 R2 + R−OHHO R2

Lipase, 30–80 °C

Solution or bulk reaction

R = H, CH3−, CF3−CH2−,
       CH2Cl−CH2−, CCl3−CH2−,
       CH2=CH−O−

Scheme 2.35

Various methods have been employed to remove the reaction by-product,
water or alcohol, in order to displace the equilibrium toward the formation
of polyester: addition of molecular sieve,328,332 Dean–Stark distillation of
toluene–water azeotrope,329 or bubbling inert gas in reaction medium.336 In
the case of reactions carried out without solvent, vacuum can be applied to
distill off reaction water or alcohol.331 The use of vinyl esters is a convenient
way to displace esterification equilibrium: The theoretical by-product, vinyl
alcohol, tautomerizes into acetaldehyde, which cannot participate in the reverse
reaction.342 – 344 Activated esters such as 2,2,2-trifluoroethyl-,345 2-chloroethyl,
and 2,2,2-trichloroethyl esters346 have also been reported to yield high-molar-
mass polyesters. From the preceding discussion, it can be seen that the method
is limited to soluble or low-melting-point polyesters, mainly aliphatic ones.
Although the synthesis of some aromatic–aliphatic polyesters of isophthalic acid
has also been reported,339,347 – 349 lipases exhibit a very low catalytic activity for
rigid aromatic monomers such as terephthalates348 or diphenols.349

The reported molar masses of polyesters obtained by enzymatic catalysis
are relatively low, generally below 8000, except for polymers recovered by
precipitation.336 This procedure results in the elimination of a soluble fraction
consisting of low-molar-mass linear and cyclic oligomers.336 An Mw as high as
46,400 has thus been reported for a poly(tetramethylene decanedioate) obtained
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in diphenylether using Mucor miehei lipase as catalyst and recovered by
precipitation in methanol.345

The catalytic site of lipases is known to contain a serine residue which
plays a key role in esterification catalysis.326 A stable acyl-enzyme species is
formed by the reaction of the serine residue with ester or acid groups. This
intermediate species further reacts with hydroxyl groups, yielding the final ester
and regenerating the serine residue. The generally proposed kinetic scheme for
lipase-catalyzed acid–alcohol or hydroxy–ester esterifications is a conventional
two-substrate enzymatic reaction scheme with release of the first product (H2O
or alcohol respectively) before combination of the second substrate. Inhibition
by alcohol groups has been reported in the case of hydroxy–ester interchange
esterifications350 and polyesterifications.351 A reasonable reaction pathway for
the dimethyl ester–diol polyesterification is illustrated in Scheme 2.36, where
Lip–OH and Lip–OOCR represent free and acyl-lipase species, respectively. A
similar scheme has been proposed for the lipase-catalyzed ester interchange reac-
tions taking place between poly(ε-caprolactone) and poly(ω-pentadecalactone) in
solution or in the bulk.341

 R1 COOCH3  R1 COOCH3 CH3OH

Lip OOC R1

Lip OOC R1 + R2HO Lip OOC R1 R2HO,

 R1 COO R2

+ Lip OH,
+

Lip-OH+

Lip OH

Scheme 2.36

Lipases have also been used as initiators for the polymerization
of lactones such as β-butyrolactone, δ-valerolactone, ε-caprolactone, and
macrolides.341,352 – 357 In this case, the key step is the reaction of lactone with
the serine residue at the catalytically active site to form an acyl-enzyme
hydroxy-terminated activated intermediate. This intermediate then reacts with the
terminal hydroxyl group of a n-mer chain to produce an (n+ 1)-mer.325,355,358,359

Enzymatic lactone polymerization follows a conventional Michaelis–Menten
enzymatic kinetics353 and presents a “controlled” character, without termination
and chain transfer,355 although more or less controlled factors, such as water
content of the enzyme, may affect polymerization rate and the nature of
endgroups.360

2.3.5 Polyesters from Polyaddition Reactions

Provided that they are carried out at temperatures below 100–120◦C, polyaddition
reactions between epoxides and carboxylic acids or anhydrides lead to linear
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polyesters bearing pendant secondary hydroxyl groups,361 – 363 (Scheme 2.37). At
higher temperatures (150–200◦C) the reaction is accompanied by a number of
side reactions, such as the esterification of secondary hydroxyl groups or the
ring-opening polymerization of epoxy groups, yielding branched or crosslinked
materials.362,363 The high-temperature acid anhydride–epoxy reaction is a well-
known cure reaction of epoxy resins.

C
O

OH
R1 + 60–120 °C

Bulk
H2C CH

O
CH2 R2 C

O

O
R1

CH2 CH CH2 R2
O

O

OH

Scheme 2.37

2.3.6 Polyesters from the Ring-Opening Polymerization of Cyclic Esters

The ring-opening polymerization of cyclic esters, mainly lactones and lactides
(Scheme 2.38) is a very convenient method of preparation of degradable aliphatic
polyesters (See also Section 2.2.2.1). Poly(lactic acid) (PLA) and poly(glycolic
acid) (PGA) — also named poly(lactide) and poly(glycolide) respectively — and
their copolymers are usually synthesized by the ring-opening polymerization of
their cyclic dimers, lactide and glycolide, respectively (Scheme 2.39).
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A wide range of initiators have been proposed for this reaction, mainly salts
or organocompounds of tin,364 – 367 zinc,368,369 aluminum,369 and, more recently,
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yttrium and lanthanides.370 – 372 In spite of potential toxicity, especially when
biomedical applications are considered, the most versatile and commonly used
initiators are tin compounds, such as stannous(II) bis(2-ethylhexanoate) (tin
octoate), although less toxic zinc catalysts have also proven to be efficient for
this reaction.368 High-molar-mass polymers, from several thousands to several
millions, have been reported for PLA synthesized in these conditions.373 The
synthetic procedure involves a first step where the α-hydroxy acid is condensed
to a low-molar-mass oligomer, which is then depolymerized at high temperature
to give the cyclic dimer. The dimer must carefully be purified by solvent
extraction/crystallization procedure to achieve high-molar-mass polymers by the
following ring-opening polymerization (Scheme 2.40).
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Scheme 2.40

The synthesis of high-molar-mass PLA and PGA by two-step polycondensa-
tions of lactic and glycolic acids, respectively, has recently been reported.374,375

It involves the formation of a low-molar-mass oligomer followed by a polycon-
densation step either in the solid state374 or in the melt under vacuum.375 The
procedures are detailed in Section 2.4.1.5.2.

Poly(ε-caprolactone) (PCL), other poly(lactones), and their copolymers are
synthesized by the ring-opening polymerization of the corresponding lactones.
Various organometallic initiators have proven to be efficient, such as oxides,
alkoxides, or carboxylates of titanium, zirconium, tin, aluminum and various
metals,371,376 – 378 as well as enzymatic catalysts (See Section 2.3.4). It must
be noted that PHB and PHB copolymers, produced by bacteria or genetically
modified plants, can also be chemically synthesized by the ring-opening polymer-
ization of 3-butyrolactone in the presence of tin derivatives following procedures
similar to that described for lactides and lactones.52

There is still a great deal of effort being made on the study of the mecha-
nisms and catalysis of lactide, glycolide, and lactone polymerizations,367,379 – 383

and many reviews have been published on this topics.365,384 – 386 Since it is basi-
cally a chain-growth, rather than a step-growth, process, it is beyond the scope
of this book and will not be extensively discussed here. Nevertheless, it is
worth mentioning that very close resemblances exist between the mechanisms
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reported in the literature for the coordination ring-opening polymerization of
cyclic esters initiated by metal derivatives and those reported for transesterifi-
cation polymerizations. Most of the ring-opening polymerization initiators used,
especially titanium, zirconium, and tin alkoxides, are also very efficient cata-
lysts for the hydroxy–ester or ester–ester interchange reactions. The synthesis
of poly(butylene terephthalate) from cyclic oligomers in the presence of titanium
alkoxides387 is clearly a ring-opening polymerization of a cyclic ester but also
closely resembles the ring-chain equilibria taking place during the synthesis of
most step-growth polymers.

2.3.7 Miscellaneous Synthetic Methods

Many ester-forming reactions reported in the literature cannot be applied to the
synthesis of polyesters due to side reactions, incomplete conversions, or non-
quantitative yields. Some examples of nonconventional polyester syntheses are
listed below. Most of them lead to oligomers rather than polymers and require
expensive reactants or special reaction conditions, which make them of little
practical interest.

The reaction between bischloroformates and dicarboxylic acids has been
applied to the synthesis of polyesters and polyestercarbonates. Thus, mixtures of
bisphenol and dicarboxylic acid react with phosgene in pyridine, yielding high-
molar-mass copolymers with bisphenol carbonate and bisphenol dicarboxylate
structural units in the chains. The carbonate–carboxylate ratio is controlled by
varying the initial dicarboxylic acid–bisphenol monomer ratio. The reaction
proceeds via the formation of chloroformate endgroups, which further react
either with remaining phenol endgroups or with carboxylic acid endgroups with
evolution of CO2. The reaction is assumed to proceed through the formation
of an intermediate carboxylic–carbonic anhydride388 (Scheme 2.41). Aliphatic
polyesters were also prepared following this method by reacting adipic acid with
the bischloroformates of aliphatic diols.389
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Scheme 2.41

Aliphatic dinitriles, such as adipodinitrile, react with aliphatic diols at low
temperature (0–5◦C) in the presence of HCl and form poly(iminoesters) which
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can be hydrolyzed to low-molar-mass polyesters (Mn = 700–1700).390 Reaction
temperature should be kept low in order to avoid the substitution of OH groups
by chlorine atoms during the poly(iminoester) formation step (Scheme 2.42).

The polymerization of terephthaldehyde in the presence of triethoxyalu-
minum391 or trialkylaluminum392 (Tischchenko–Claisen reaction) yields random
copolyesters containing ca. 1 : 1 mol ratio of p-methylenebenzoate and
p-xyleneterephthalate units (Scheme 2.43). The reaction does not take place with
sterically hindered aldehydes.392

CHOOHC

Cyclohexane, 80 °C AlEt3

O CH2 C

O

O CH2 CH2 O C

O

C

Ox y

Random copolymer ; x/y = 1

Scheme 2.43

The anionic copolymerization of ketenes with aldehydes393,394 or ketones395

is a synthetic method allowing the preparation of sterically hindered polyesters
which cannot easily be prepared by conventional ways. Thus, dimethylketene
copolymerizes with aromatic aldehydes, such as benzaldehyde, in the presence
of anionic initiators (e.g., BuLi or NaOEt), yielding polyesters with stereoregular
structure393 (Scheme 2.44). Ketenes are also intermediate compounds formed
during the reaction of bisdiazoketoalkanes with diols, claimed to give polyesters
in good yields.396
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Besides these reactions, ester-containing copolymers can be obtained through
non-ester-forming reactions by reacting ester-containing monomers or oligomers
having suitable endgroups. The interfacial synthesis of copolyesteramides by
polyamidification of ester-containing bis(acid chlorides) with diamines,397 the
formation of alternating copolyesters by reaction of 1,2-ethylene-bis(4-hydroxy-
benzoate) with terephthalic acid,398 and the synthesis of polyesterthioethers
by polyaddition between bisacrylates or methacrylates and hydrogen sulfide399

(Scheme 2.45) or dithiols400 are examples of this approach.
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In a similar way, polyester block copolymers were obtained by reacting
acid chloride– terminated polyesters with hydroxy-terminated polyethers,401 or
by reacting polyester-containing polymer mixtures with coupling agents such as
diisocyanates.402

It should also be noted that the treatment of poly(alkylene terephthalates)
with bisacyllactams, bisoxazinones, or bisoxazolinones results in polyesters with
higher molar mass and improved properties. These coupling agents react in the
bulk at high temperature (>240◦C) with the hydroxy endgroups of polyesters,
resulting in a rapid chain extension (molar mass boosting).402 Similar results
have been reported for the reactions between polyester carboxy endgroups and
bisoxazolines.402 An example of PET chain extension by reaction with 2,2′-
bis(4H -3,1-benzoxazine-4-one)403 is given in Scheme 2.46.

Many random copolyesters and polyester–polycarbonates have also been pre-
pared by ester interchange reactions in the molten state. Thus, poly(ethylene
terephthalate-co-isophthalates) can be obtained by simple melt blending of PET
and poly(ethylene isophthalate) (PEI) homopolyesters at 270◦C. The copolymer
changes gradually from a block type at the beginning of reaction to a random-type
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copolymer after 20 min heating.404 This method is quite general and has been
applied to a large number of polyesters.100,148 – 153 Ester interchange catalysts such
as those described in Section 2.3.1.2.2 may be added to reduce reaction time.

Finally, the synthesis of biodegradable poly(hydroxyalkanoic acids) (PHA) by
bacteria or genetically modified plants should be mentioned. The microbiology,
biochemistry, and genetics of PHA biosynthesis have been reviewed by several
authors52,105,405 – 407 and are beyond the scope of this chapter.

2.3.8 Characterization of Polyesters

Polyesters are not different from other polymers, and any of the characteriza-
tion methods commonly used in polymer science can obviously be applied to
polyesters and provide information on their structure and properties. In this
section, some data specific to polyesters — solubility information, COOH and
OH endgroup titration, and infrared (IR) and NMR spectra assignments — are
briefly summarized. Most of these data originate from the authors’ laboratory.
References are provided on some particular points only.

2.3.8.1 Solvents

Aliphatic polyesters are soluble in most organic solvents and insoluble only
in apolar solvents (alkanes, diethyl ether) or in polar protic solvents such as
methanol and water. THF is generally used for size exclusion chromatogra-
phy (SEC) analyses and CH2Cl2 for viscosimetric studies. NMR spectra can be
recorded in common solvents such as CDCl3 or DMSO-d6. Poly(glycolic acid)
(PGA) and poly(lactic acid) (PLA) are exceptions. Since they are not soluble in
THF, SEC analyses must be carried out in chlorinated solvents (e.g., CHCl3) for
PLA375 and hexafluoroisopropanol (HFIP)/CF3COONa (1 mM) for PGA.374

Poly(alkylene terephthalate)s are soluble only in solvents such as
1,1,2,2-tetrachloroethane–phenol or o-cresol–CHCl3 mixtures, o-chlorophenol,
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and 2,4-dichlorophenol. Viscosimetric studies are generally carried out in
phenol– tetrachloroethane (60/40 mass) at 35◦C. The NMR spectra of PET can be
recorded in DMSO-d6 at 130◦C408 or, more conveniently, in CD2Cl2/CF3CO2D
(4/1 vol.)409 or CDCl3/CF3CO2D (2/1 vol.) solutions.

Amorphous bisphenol-A polyarylates are soluble in dioxane and in chlorinated
solvents such as CH2Cl2, 1,2-dichlororethane, 1,1,2-trichloroethane, and 1,1,2,2-
tetrachloroethane while semicrystalline and liquid crystalline wholly aromatic
polyesters are only sparingly soluble in solvents such as tetrachloroethane–phenol
mixtures or pentafluorophenol, which is often used for inherent viscosity deter-
minations.

2.3.8.2 IR Spectroscopy

The carbonyl group of polyesters of aliphatic diols gives a characteristic and very
strong absorption (stretching vibration) in the 1715–1740-cm−1 range. Polyesters
deriving from phenols present a C=O absorption at somewhat higher frequency,
at 1740–1750 cm−1. The carboxylic endgroups absorption at 1700–1710 cm−1

(C=O stretching vibration of COOH) appears as a shoulder on the intense ester
carbonyl peak of carboxy-terminated polyesters. The corresponding OH stretch-
ing vibration of COOH appears as a series of overlapping broad peaks between
2500 and 3000 cm−1, while hydroxyl endgroups give rise to a broad absorp-
tion centered around 3540 cm−1. Unsaturated polyesters containing fumarate or
maleate units present a characteristic absorption in the 1650-cm−1 region assigned
to the C=C stretching vibration. The C−O stretching vibration of esters gives
two intense absorptions in the region 1000–1300 cm−1 which are very dependent
on polyester structure, often overlap with other resonances, and are, therefore,
difficult to assign unambiguously.

2.3.8.3 NMR Spectroscopy

2.3.8.3.1 13 C NMR Spectroscopy

The ester C−O resonance of aliphatic polyesters appears in the 170–175-
ppm range, while that of polyesters deriving from aromatic acids appears
in the 165–170-ppm range, depending on polyester structure and on the
solvent. Thus, the ester carbonyl resonance of methylhydroquinone/isophthalic
polyester appears at 168.3 ppm (163 ppm in solid-state cross-polarization
magic angle spinning (CP-MAS) 13C NMR spectra) while the corresponding
poly(ε-caprolactone) and poly(ethylene adipate) ester carbonyl resonances are
close to 173 ppm. When present, carboxylic acid endgroups give slightly
deshielded C=O resonances with respect to the corresponding ester. The
COO−CH2 methylene and COO−CH(R) methine carbons give easily assigned
resonances in the 60–65- and 65–70-ppm regions, respectively, while the
−CH2−COO methylenes give rise to a peak close to 35 ppm. The assignments
of the 13C NMR spectra of some typical polyesters are reported in Table 2.19.
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TABLE 2.19 Assignments of Polyester 13C NMR Spectra (ref. TMS)

Repeating-Unit Formulas and Assignments (ppm) Experimental Conditions References

O CH2 CH2 CH2 CH2 CH2 C

O

64.10 28.90 25.95 24.97 34.30 172.67
C6D6, 60◦C, 88 MHz 469

O CH2 CH2

61.7
O CH2 CH2 CH2 CH2 C

O

33.2 23.8 172.8
C

O
HO CH2 CH2

60.3 65.5
O C

O

CH2 C

O

OH

178.0

CDCl3, r.t., 62.9 MHz 421

O CH2 CH2

28.1 ; 28.3

C

O

C

O

171.12 ; 171.41
O CH2 CH

71.2

CH3

68.8

15.4

O C

O

HO CH2 CH

67.7

CH3

64.1

15.3

O C

O

HO CH CH2

65.3

CH3

64.5

18.4

171.63 170.80
CDCl3, r.t., 62.9 MHz 470

O CH CH

129.5 (cis)
134.0 (trans)

C

O

C

O

O CH2 CH2

62.40 165.0 CDCl3, r.t., 62.9 MHz 470

O CH2 CH2

61.4
O C

O

C

O

163.4

127.6
132.3

DMSO, 130◦C, 88 MHz 408

O CH2 CH2

62.87

O C

O

165.29

130.25

C
O130.69

128.56

133.74
CDCl3, r.t., 62.9 MHz 470

O C

O

168.32

131.05

C
O133.65

131.05

137.45

H3C

O

148.60

125.65

134.01

16.83

149.95 124.4 121.59

CDCl3/CF3CO2D
(1/1 vol.), r.t. 62.9 MHz

471

Note: r.t. = room temperature.
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TABLE 2.20 Assignments of Polyester 1H NMR Spectra (ref. TMS)

Repeating-Unit Formulas and Assignments (ppm) Experimental Conditions References

O CH2 CH2 CH2 CH2 CH2 C

O

4.01 1.48 1.25 1.56 2.15

C6D6, 50◦C, 350 MHz 469

O CH2 CH2

4.26
O CH2 CH2 CH2 CH2 C

O

2.36 1.65
C

O
HO CH2 CH2

3.81
O C

O

CDCl3, r.t., 250 MHz 421

O CH2 CH2

2.60

C

O

C

O

O CH2 CH

5.07

CH3

4.18

1.15

O C

O

HO CH2 CH

4.90

CH3

3.50

1.10

O C

O

HO CH CH2

4.00

CH3

3.90

1.04

CDCl3, r.t., 250 MHz 470

O CH CH

6.20 (cis)
6.81 (trans)

C

O

C

O

O CH2 CH2
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Note: r.t. = room temperature.

2.3.8.3.2 1 H NMR Spectroscopy

The −CH2−COO and −COO−CH2 methylene protons present resonances in
the 2.1–2.4- and 4.0–4.3-ppm ranges, respectively. The peaks of −CH2OH
endgroup methylenes appear close to 3.8 ppm in most aliphatic polyesters and
can be used for the determination of the OH endgroup content. In the spec-
tra of PET recorded in CD2Cl2/CF3CO2D, these peaks (a triplet) are shifted to
4.2 ppm due to esterification by trifluoroacetic acid.409 In unsaturated polyesters,
the −OOC−CH=CH−COO methines give resonances close to 6.7 (fumarate
units) and 6.3 ppm (maleate units). The assignments of the 1H NMR spectra of
some typical polyesters are given in Table 2.20.
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2.3.8.4 Endgroup Determination

The endgroup content allows the calculation of the number-average molar mass
of linear polyesters and its accurate measurement is, therefore, of great impor-
tance. Many methods can be applied to the determination of endgroups in poly-
esters,410,411 such as 1H NMR412 or IR413 – 415 direct estimations or methods
involving the derivatization of endgroups by proper reactants. The OH group con-
tent determination in polyesters can thus be carried out by 19F NMR spectroscopy
after reaction with trifluoroacetic anhydride or by UV or IR spectrophotometry
after reaction with aromatic isocyanates or 3,5-dinitrobenzoyl chloride.416

The widely used −COOH and −OH endgroup chemical titrations are detailed
below.

2.3.8.4.1 Carboxyl Endgroup Chemical Titration

A sample of polyester (ca. 1 g, exactly weighed) is dissolved in 20 mL tolu-
ene–ethanol mixture (1/1 vol.) and titrated by a solution of KOH in ethanol
(0.05 mol/L) using a potentiometric titrator. A blank titration must be performed
under the same conditions. Hardly soluble polyesters (e.g., PET) must be dis-
solved in an o-cresol–chloroform mixture or in hot benzyl alcohol.417 The result
(acid content) is normally expressed in mmol COOH/g polyester but may also be
given as the “acid number,” defined as the number of milligrams of KOH required
to neutralize 1 g of polyester. [Acid number = (number of mmol COOH/g poly-
ester) × 56.106.]

2.3.8.4.2 Hydroxyl Endgroup Chemical Titration

Hydroxyl endgroups are usually titrated by acetylation or phthalylation in pyri-
dine using an excess acetyl chloride, acetic anhydride, or phthalic anhydride.
The excess of reactant is hydrolyzed and back titrated by aqueous sodium or
potassium hydroxide.

Thus, a polyester sample (1–3 g, exactly weighed) is dissolved in 25 mL of
a titrated solution of acetic anhydride in dry pyridine (10% mass). The solution
is heated to reflux for 1 h. After cooling, 50 mL pyridine and 10 mL water
are added. The excess acetic acid present in the resulting solution is titrated by
aqueous potassium hydroxide (0.5 mol/L) using a potentiometric titrator. The
determination must be carried out in duplicate and a blank titration must be
performed under the same conditions. The mass of polyester and the concentration
of reactants should be adjusted to ensure that at least a fourfold excess of acetic
anhydride is used. The final result (OH content) is expressed in mmol OH/g
polyester or as the “hydroxyl number,” defined as the number of milligrams
of KOH required to neutralize the acetic acid consumed per gram of polyester.
[Hydroxyl number = (number of mmol OH/g polyester) × 56.106.]

The OH endgroups of hardly soluble polyesters of the PET family can be
esterified by excess 3,5-dinitrobenzoic acid in nitrobenzene and back titrated by
a solution of NaOH in ethylene glycol418 or derivatized by dichloroacetyl chloride
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in dichloroacetic acid and the Cl content determined by X-ray fluorescence after
precipitation and purification of modified PET.419

2.4 POLYESTER SYNTHESES

Unless otherwise specified, all monomers, reactants, and solvents were reagent
grade 99+% (from Aldrich or Fluka) and used without further purification. In
polymer formulas, n, x, y, and z represent number-average numbers of repeat-
ing units.

(Caution: The reactions described below should be carried out in a hood
behind a protective shield.)

2.4.1 Aliphatic Polyesters

2.4.1.1 Poly(ethylene adipate) by Diacid–Diol Reaction

2.4.1.1.1 COOH-Terminated Poly(ethylene adipate)

This dicarboxy-terminated oligomer is prepared by reacting excess adipic acid
with 1,2-ethanediol in the bulk until hydroxyl group conversion is complete
(Scheme 2.47). The molar mass of final polymer depends on the initial molar
ratio of monomers (procedure similar to that described in ref. 401).

(CH2)4 CC

O

OH

O

HO CH2HO CH2 OH

(CH2)4 CC

O

O

O

HO CH2 CH2 O (CH2)4 CC

O

OH

O
n

1)  180–220 °C, 1 bar, N2

2)  160–220 °C, 0.07 mbar

2 H2O ↑+

+(1 + 1/n)

1/n

1

Scheme 2.47

Adipic acid, 219.2 g (1.5 mol), and 77.6 g (1.25 mol) of 1,2-ethanediol are
weighed into a 500-mL glass reactor equipped with a mechanical stirrer, a nitro-
gen inlet, and a distillation head connected to a condenser and a receiver flask.
The reactor is placed in a salt bath preheated at 180◦C and the temperature is
then raised gradually to 220◦C (see note at end of procedure) until the greater
part of water has been removed (3 h). The reactor is cooled down to 160◦C and
vacuum is applied slowly to ca. 0.07 mbar (30 min). Temperature is ramped to
220◦C (see note below) at a rate of 1◦C/min and reaction is continued for an
additional 90 min. At the end of reaction, the carboxylic acid endgroup content
is close to 1.90 mol/kg. No purification of final polyester is carried out.
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Differential scanning calorimetry (DSC): Tg = −49◦C, Tm = 36◦C. SEC (in
THF, calibrated with commercial polystyrene standards): Mn = 860, Mw = 1660,
Mw/Mn = 1.9. Proton NMR (CDCl3, ref. tetramethylsilane (TMS): δ 1.65 (m,
CH2−CH2−CH2), 2.36 (m, CH2−COO), 4.26 ppm (s, CH2−OCO). Carbon-13
NMR (CDCl3, ref. TMS): δ 23.9 (CH2−CH2−CH2), 33.3 (CH2−COO), 61.8
(CH2−OCO), 172.8 (COO−CH2), 178.0 ppm (COOH), Mn = 950 (from quan-
titative 13C NMR).

(Note: Heating above 220◦C should be avoided because of polymer degrada-
tion Zncl2 catalyst (0.1% mass) may be added to increase reaction rate.)

2.4.1.1.2 OH-Terminated Poly(ethylene adipate)

A large excess of 1,2-ethanediol (threefold) is reacted with adipic acid until car-
boxyl groups have reacted. The excess of 1,2-ethanediol is distilled off under
vacuum in the presence of Ti(OBu)4 as hydroxy–ester interchange catalyst.
The reaction can be followed by SEC analysis of samples withdrawn from
reaction medium and stopped when the desired molar mass has been reached
(Scheme 2.48).
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+

(CH2)4 CC

O

O

O

CH2 CH2 OHCH2 CH2HO O

CH2HO CH2 OH ↑12 H2O ↑+ +

3) 190 °C, 1 bar, N2, 0.1 wt% Ti(OBu)4
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Scheme 2.48

Adipic acid, 146.1 g (1.0 mol), and 186.2 g (3 mol) of 1,2-ethanediol are
weighed into a 500-mL glass reactor equipped with a mechanical stirrer, a nitro-
gen inlet, and a distillation head connected to a condenser and a receiver flask.
The reactor is placed in a salt bath preheated at 180◦C and the temperature is then
raised gradually to 220◦C (see note at end of procedure) until the greater part of
water has been removed (3 h). The reactor is cooled down to 160◦C and vacuum
is applied slowly to about 0.07 mbar (30 min). Excess free 1,2-ethanediol begins
to distill and temperature is raised gradually to 190◦C (90 min). The reaction is
continued for an additional 1 h. Pressure is then ramped to atmospheric with a
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nitrogen flow and 0.115 g (1.15 mL of a 10% solution in CH2Cl2) of Ti(OBu)4,
as catalyst, is added to the reaction medium. Vacuum is applied slowly to about
0.07 mbar (30 min) and temperature is raised to 220◦C (30 min) (see note below).
Additional 1,2-ethanediol arising from ester interchange is removed. At the end
of the reaction, the carboxylic acid endgroup content is lower than 10−3 mol/kg.
The hydroxyl endgroup content varies within 0.6–2.0 mol/kg depending on the
duration of the last heating step.

DSC, SEC, and NMR analyses of a sample with [OH] = 0.65 mol/kg: DSC:
Tg = −47◦C, Tm = 45.5◦C. SEC (THF, calibrated with polystyrene standards):
Mn = 2050, Mw = 4250, Mw/Mn = 2.1. Proton NMR (CDCl3, ref. TMS): δ 1.64
(m, CH2−CH2−CH2), 2.34 (m, CH2−COO), 3.81 (t, CH2−OH), 4.21 (t, CH2−
CH2−OH), 4.26 ppm (s, CH2−OCO); Mn = 3050. Carbon-13 NMR (CDCl3, ref.
TMS): δ 23.8 (CH2−CH2−CH2), 33.2 (CH2−COO), 65.5 (CH2−CH2−OH) 61.7
(CH2−OCO), 60.3 (CH2−OH) 172.8 ppm (COO).

(Note: Heating above 220◦C should be avoided because of beginning of poly-
mer degradation.)

2.4.1.2 OH-Terminated Poly(ethylene adipate-co-maleate) by Reaction
between Diacid, Anhydride, and Diol
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Scheme 2.49

Adipic acid, 146.14 g (1.0 mol), 19.61 g (0.2 mol) of maleic acid, and
223.45 g (3.6 mol) of 1,2-ethanediol are reacted according to the procedure
given in Section 2.4.1.1.2. At the end of the reaction, the carboxylic acid
endgroup content is lower than 10−2 mol/kg. The hydroxyl endgroup content
varies within 0.6–2.0 mol/kg depending on the duration of the last heating step
(Scheme 2.49).

Vapor pressure osmometry (VPO) analysis (toluene, 60◦C) of a sample with
[OH] = 1.41 mol/kg: Mn = 1500.
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2.4.1.3 High-Molar-Mass Poly(tetramethylene octanedioate) by
Diester–Diol Reaction

This procedure has been adapted from ref. 420.
Dimethyl octanedioate (dimethyl suberate), 71.2 g (0.352 mol), 1,4-butanediol

(5% excess: 0.370 mol, 33.3 g), and 0.02 g of tetraisopropoxytitanium (0.025%
of final polyester mass) are placed in a three-necked round-bottomed flask fit-
ted with a mechanical stirrer. The medium is slowly heated to 150◦C within 4 h
under nitrogen atmosphere while methanol is distilled off. Vacuum is then slowly
applied and the reaction continued at 0.01 mbar and 150◦C for 48 h. The result-
ing polyester is cooled down, dissolved in chloroform (50 g polyester/200 mL
chloroform), and slowly added to a 10-fold volume of methanol under high-speed
agitation (1000 rpm). The precipitated polyester is filtered off and dried at 30◦C
under vacuum (0.1 mbar).

Melting temperature is 60◦C; SEC (THF, polystyrene standards):Mn = 21,500,
Ip = 1.75.

Note: Purification by precipitation results in the elimination of low-molar-mass
oligomers and cyclics and yields polyesters with narrower distributions than the
theoretical one (Ip = 2).

2.4.1.4 OH-Terminated Poly(ε-caprolactone) by ε-Caprolactone–
1,6-Hexanediol Reaction

The preparation of poly(ε-caprolactone) given below is a bulk ring-opening poly-
merization of ε-caprolactone initiated by Ti(OBu)4 in the presence of
1,6-hexanediol as chain limiter (Scheme 2.50). The resulting polymer consists
of a random distribution of macromolecules in which hexamethylene moieties
can be either terminal or internal units.
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(CH2)6 O C
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(CH2)5 O H

200 °C, 0.1 wt% Ti(OBu)4

y

1/n O

O

OO (CH2)5 C

O

H
x

1/n

x + y = n

Scheme 2.50

ε-Caprolactone, 88.2 g (0.77 mol), and 11.8 g (0.1 mol) of 1,6-hexanediol are
charged into a 250-mL three-necked round-bottom flask equipped with a magnetic
stirrer, a reflux condenser, and a nitrogen inlet. The reaction mixture is heated
to 200◦C under nitrogen stream. As catalyst, 0.1 g (1 mL of a 10% solution in
CH2Cl2) Ti(OBu)4 is added. The mixture is reacted for 4 h at 200◦C, cooled
down, and analyzed without further purification.
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DSC: Tg = −68◦C; Tm = 45◦C. Proton NMR (CDCl3, ref. TMS): δ 1.29 (m,
γ -CH2 to ester group), 1.56 (m, β-CH2 to ester group), 2.22 (t, CH2−COO),
3,53 (t, CH2−OH), 3.97 ppm (t, CH2−OCO), Mn = 1160.

2.4.1.5 Bioresorbable Polyesters

2.4.1.5.1 Poly(glycolic Acid) (PGA)

The preparation of PGA given below (Scheme 2.51) is a polycondensation of gly-
colic acid followed by a solid-state postpolycondensation.374 (Reproduced from
ref. 374. Copyright  2000 Elsevier Science Ltd, by permission of the copy-
right owner.) This method is different from the commonly used ring-opening
polymerization of lactide (see Section 2.3.6).

Bulk
HO CH2 COOH O CH2H C

O

OH
m

solid state

O CH2H C

O

OH
n

0.5 wt% Zn(II)
190 °C

1) 200 mbar (1 h)
2)   40 mbar (4 h) 190 °C, 1 bar

(20 h)

1/m + (1 − 1/m) H2O ↑

1/n (1/m − 1/n) H2O ↑+

Scheme 2.51

Glycolic acid (GA), 50 g (0.66 mol), is weighed into a 200-mL reaction flask
equipped with a magnetic stirrer. Zinc acetate dihydrate [Zn (CH3CO2)2,2H2O]
(0.5% mass relative to GA) is added to reaction mixture. The mixture is heated
to 190◦C with stirring under vacuum, 200 mbar for 1 h, then 40 mbar for 4 h.
During this step the medium turns from liquid to solid. The condensation product
formed (oligomer state) is crushed into powder in a nitrogen atmosphere, and the
powder is heated at the solid state under stirring at 190◦C for 20 h.

DSC: Tg = 40◦C, Tm = 220◦C, degree of crystallinity 44%. SEC (in HFIP con-
taining 1 mM sodium trifluoroacetate and relative to poly(methylmethacrylate)
standards): Mw = 44,000, Mw/Mn = 1.8

2.4.1.5.2 Poly(L-lactic Acid) (PLA)

Poly(lactic acid)s are generally produced by the ring-opening polymerization of
D-, L-and/or D, L-lactide using various initiators in solution or in the bulk.364,366,422

Recently, Moon et al.375 described the synthesis of high-molar-mass PLA using
a melt polycondensation of L-lactic acid in the presence of Sn(II) catalysts and
protonic acids (Scheme 2.52). Their procedure is given below. (Reproduced from
ref. 375. Copyright  2000 John Wiley & Sons, Inc., by permission of the
copyright owner.)

A 300-mL three-necked flask is equipped with a mechanical stirrer and a reflux
condenser connected to a vacuum system through a cold trap.
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Scheme 2.52

Oligomerization: Two hundred grams of a 90% aqueous solution of L-lactic
acid is charged into the flask and is dehydrated at 150◦C, first at atmospheric
pressure for 2 h, then at a reduced pressure (130 mbar) for 2 h, and finally under
a pressure of 40 mbar for another 4 h. A viscous oligo(L-lactic acid) is formed
quantitatively.

Polycondensation: At room temperature, 0.4% mass of Sn(II) chloride dihy-
drate (SnCl2·2H2O) and 0.4% mass of p-toluenesulfonic acid monohydrate
(p-TSA) are introduced into the mixture. The mixture is heated to 180◦C under
mechanical stirring. The pressure is reduced stepwise to reach 13 mbar, and
the reaction is continued for 20 h. The reaction system becomes gradually vis-
cous, and a small amount of L-lactide is formed and refluxed through the reflux
condenser. At the end of the reaction, the flask is cooled down, the product is dis-
solved in chloroform and subsequently precipitated into diethyl ether. The result-
ing white fibrous solids are filtered and dried under vacuum (average yield 67%).

DSC: Tm = 145◦C; degree of racemization 5%. SEC (in CHCl3 at 35◦C and
calibrated according to polystyrene standards): Mw = 100,000.

When the polymerization is carried out in the same experimental conditions
but without addition of p-TSA (SnCl2 · 2H2O = 0.4% mass, 180◦C and 20 h), the
resulting polymer is amorphous with Mw = 40,000 and a degree of racemization
equal to 75% (determined from 13C NMR measurements).

2.4.1.6 Poly(hexamethylene fumarate) by Diester–Diol Enzyme-Catalyzed
Solution Reaction

The procedure given below is taken from ref. 337 with permission. (Copyright
 1995 Hüthig & Wepf Verlag. Reprinted by permission of John Wiley & Sons,
Inc.) (Scheme 2.53).

1,6-Hexanediol (0.5 mol/L), dimethyl fumarate (0.5 mol/L), toluene and
Novozyme (33.3 g/L) are introduced in a thermostatted double-jacketted reactor
fitted with a short thermostatted distillation column and a nitrogen inlet. The
temperature is set at 60◦C and a nitrogen flow (0.2 L/min) is bubbled into reaction
medium. Methanol and toluene are collected in a flask and the volume of the
solution is held constant by addition of toluene. After reaction (15 days) the
catalyst is removed by filtration and the solvent is evaporated under reduced
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Scheme 2.53

pressure to give a quantitative yield of polyester. DSC: Tm = 127◦C. NMR
1H (CDCl3, ref. TMS): δ 1.30 (m, γ -CH2 to ester group), 1.58 (m, β-CH2 to
ester group), 3.52 (t, CH2−OH), 3.68 (s, CH3), 4.08 (t, CH2−OCO), 6.70 ppm
(s, CH=).

Note: Poly(hexamethylene maleate) can be synthesized according to the same
procedure using dimethyl maleate instead of dimethyl fumarate. In this case, a
mixture of linear chain (76% mass) and cyclic species (24% mass) are obtained.

2.4.2 Unsaturated Polyester Thermosetting Resins

2.4.2.1 Unsaturated Maleate/O-Phthalate/1,2-Propanediol
Polyester Prepolymer

Maleic anhydride, 98 g (1.0 mol), 148 g (1.0 mol) of phthalic anhydride, and
160 g (2.1 mol) of 1,2-propanediol are polycondensed in a three-necked flask
equipped with a mechanical stirrer, a nitrogen inlet, and a distillation head con-
nected to a condenser and a receiver flask. The flask is placed in a salt bath
preheated at 160◦C. Water begins to distill and the temperature is then raised
gradually to 190◦C. The polycondensation is stopped (after about 15 h) when the
reaction mixture has an acid number of 50 (see Section 2.3.8.4.1) (Scheme 2.54).
A slightly different procedure is described in ref. 423.

2.4.2.2 Preparation and Cure of Unsaturated Polyester/Styrene Resin

Forty grams of unsaturated polyester (see above, Section 2.4.2.1), 26.7 g of
styrene, and 10 mg of hydroquinone are weighed into a plastic beaker. The
mixture is stirred and slightly warmed, if necessary, until complete dissolution.
Then, at room temperature, 0.25 mL Co(II) 2-ethylhexanoate (note a below) and
1.0 mL of 2-butanone peroxide (MEKP, note b below) are added to the stirred
mixture. The mixture gels after a 10–20-min period (stir during this period) and
solidifies after ca. 1 h (Scheme 2.55)424.

Notes: (a) Cobalt(II) 2-ethylhexanoate, 65% mass solution in mineral spirits;
(b) 2-butanone peroxide, ca. 32% mass solution in dimethyl o-phthalate.
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2.4.2.3 Alkyd Resin Synthesis and Cure

Alkyd resin synthesis: This synthesis consists of two steps. In the first step, a
triglyceride oil is reacted at ca. 250◦C with polyols, such as glycerol or pentaery-
thritol, in the presence of a basic catalyst to form a monoglyceride. In the second
step, phthalic anhydride, with or without another dibasic acid such as maleic
anhydride, is added to the reaction medium and reacted at high temperature. The
resulting product is a branched polyester (Scheme 2.56).

Soya oil, 88.6 g, 20.0 g of pentaerythritol, and 0.06 g of lithium hydroxide
monohydrate are weighed into a 250-mL three-necked round-bottom flask fitted
with a magnetic stirrer, a Dean–Stark separator, and nitrogen inlet and outlet. The
reaction mixture is heated to 250◦C for 30 min under nitrogen (note a below),
then cooled to 200◦C. Phthalic anhydride, 34.6 g, 0.70 g of maleic anhydride,
and 8.0 g of xylene are added. The reaction mixture is heated to 230◦C and
the toluene–water azeotrope is removed by distillation. The reaction is stopped
when the acid number of reaction medium is lower than 10 (note b below). After
cooling to room temperature, 52 g of white spirit is added.

Notes: (a) The reaction must be carried out until a sample withdrawn from the
reaction medium becomes completely soluble in methanol (ca. 30 min). (b) See
Section 2.3.8.4.1.

Cure of alkyd resin: A varnish is prepared by mixing 100 g of the alkyd resin
prepared above, 0.05 g of Co(II) 2-ethylhexanoate, 0.05 g of calcium 2-ethyl-
hexanoate, and 0.02 g of lead 2-ethylhexanoate. This mixture is held for 24 h in
a closed flask before use. A thin layer of this varnish, applied on a metal plate,
forms a hard, glossy coating after 24 h drying at room temperature.
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2.4.3 Aromatic–Aliphatic Polyesters

2.4.3.1 Poly(ethylene terephthalate) (PET)

2.4.3.1.1 Dimethyl Terephthalate–1,2-Ethanediol Reaction

The preparation of PET is given below (Scheme 2.57). (Reproduced from ref. 425
with permission. Copyright  1992 Academic Press, Inc. Reprinted by permission
of Elsevier Science Ltd.)

To a weighed thick-walled glass cylindrical reactor fitted with a mechanical
stirrer, nitrogen inlet, distillation side arm, and a vacuum line are added 15.5 g
(0.08 mol) of dimethyl terephthalate, 11.8 g (0.19 mol) of 1,2-ethanediol, 0.025 g
of calcium acetate dihydrate [(CH3CO2)2·H2O], and 0.006 g of antimony trioxide
(Sb2O3). The tube is warmed gently in a salt bath to melt the mixture. While
heating to 197◦C, a slow stream of nitrogen is passed through the melt to help
eliminate the methanol. The tube is heated for 2–3 h at 197◦C or until all the
methanol has been removed. The side arm is also heated to prevent clogging by
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the condensation of some dimethyl terephthalate. The polymer tube is next heated
to 222◦C for 20 min and then at 283◦C for 10 min. The side arm is connected
to a vacuum pump and the pressure is reduced to 0.4 mbar or less while heating
at 283◦C for 3.5 h. The resulting polymer melts at ca. 270◦C.

The inherent viscosity of a 0.5% solution in 1,1,2,2-tetrachloroethane–phenol
(40/60) is ca. 0.6–0.7 dL/g at 30◦C. NMR 1H [CDCl3 – trifluoroacetic acid
(70/30 v/v)], ref. TMS): δ 4.17 (t, CH2−OH), 4.61 (m, CH2−CH2−OH), 4.78
(s, CH2−OOC), 8.12 ppm (s, ArH). The most important side reaction dur-
ing PET synthesis is the formation of 2–4 mol % of oxydiethylene units in
polymer chains: δ 4.10 (t, COO−CH2−CH2−O−CH2−CH2−OOC), 4.64 ppm
(t, COO−CH2−CH2−O−CH2−CH2−OOC).

2.4.3.1.2 Terephthalic Acid–1,2-Ethanediol Reaction

(Adapted from the procedure described in ref. 426 for a batch pilot plant equip-
ment.)

A 250 mL stainless steel polycondensation reactor is charged with 90 g
(0.54 mol) of terephthalic acid, 40.5 g (0.65 mol) of 1,2-ethanediol, 0.025 g of
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antimony trioxide (catalyst) and 0.02 mmol of choline hydroxide (diethylene
glycol suppressant) (45% mass in methanol). The pressure is set at 3.5 bar with
nitrogen and the mixture is heated at 93◦C for 40 min under stirring (60 rpm).
Then, the reactor temperature is increased very slowly to 266◦C (150 min) while
eliminated water is collected in a condensate receiver. At this point, the pressure
is slowly decreased to atmospheric at a rate of 0.7 bar/min. After 30 min reaction
at atmospheric pressure, vacuum is slowly applied (30 mbar/min) until pressure
reaches 1.3 mbar. At the same time, the reaction temperature is slowly increased
to 285◦C (55 min). The agitator speed is decreased stepwise in 10-rpm increments
to 30 rpm and the reaction is stopped after further 95 min reaction. The intrinsic
viscosity of the polymer is close to 0.67 dL/g (o-chlorophenol solution at 25◦C).

2.4.3.1.3 Solid-State Post Polymerization of PET

This procedure has been adapted from ref. 427.
The PET prepolymer utilized in the solid-state polymerization can be in the

form of pellets or chips. However, it will preferably be crushed into powder
(particle size 125–250 µm)428 and then vacuum dried overnight at 110◦C.

Ninety grams of PET prepolymer having an inherent viscosity of 0.59 dL/g
(see note below) is weighed into a laboratory-size solid-state polymerization
reactor equipped with a cindered glass dispersing plate. A nitrogen flow is applied
through the reactor, which is placed in an oil bath at 230◦C. The prepolymer is
left at this temperature for 5 h. The inherent viscosity of the resulting polymer
is of about 0.9 dL/g (see note).

Note: Viscosity measurement: 30◦C, 0.4 g/dL in 60/40 phenol– tetrachloro-
ethane.
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2.4.3.2 Poly(butylene terephthalate) (PBT) by Dimethyl
Terephthalate–1,4-Butanediol Reaction

This procedure has been adapted from ref. 429 (Scheme 2.58).
1,4-Butanediol, 50.47 g (0.56 mol), 77.68 g (0.4 mol) dimethyl terephthalate,

and tetrabutoxytitanium ester interchange catalyst (150 ppm Ti) are placed in
a stainless steel reactor equipped with a thermocouple, stirring motor, distilla-
tion column, and nitrogen inlet. The reaction mixture is stirred and heated to
150◦C under nitrogen at atmospheric pressure. The ester interchange reaction
starts and the reaction medium is progressively (160 min) heated to 200◦C while
methanol distills off. The distillation column is then replaced by a condenser
and an additional 270 ppm of Ti is added. The temperature is raised to 205◦C
under vacuum (0.3 mbar) for 45 min, then to 251◦C to continue the polymer-
ization for another 65 min or longer, until polymer intrinsic viscosity reaches
0.8 dL/g (o-chlorophenol at 25◦C). The carboxylic acid endgroup content is equal
to 0.013 mol/kg.
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O CH3 HO (CH2)4
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O (CH2)4OH
n

2 CH3OH ↑

+
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+
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1) 150 ppm Ti(OBu)4

    150–200 °C, 1 bar (160 min)
2) 270 ppm Ti(OBu)4

    205 °C, 0.3 mbar (45 min)
3) 251 °C, 0.3 mbar (65 min)

 (x > 1)

[x−(1 + 1/n)]

1/n

Scheme 2.58

2.4.3.3 Poly(ethylene isophthalate-co-terephthalate) (PEIT)

This procedure (Scheme 2.59) is reproduced from ref. 143. (Copyright  1999
Elsevier Science Ltd, with permission of the copyright owner.)

A PEIT of 50/50 (molar ratio) composition is synthesized by a two-step reac-
tion sequence as follows. In the first step, 97.10 g (0.5 mol) dimethyl terephtha-
late (DMT), 97.10 g (0.5 mol) dimethyl isophthalate (DMI), 136.55 g (2.2 mol)
1,2-ethanediol, and zinc acetate dihydrate ester interchange catalyst (2.7 × 10−4%
mass of the total amount of DMI and DMT mixture) are weighed into a three-
necked flask fitted with a mechanical stirrer, a nitrogen inlet, and a condenser.
The medium is stirred for 2.0–2.5 h at 180–210◦C under nitrogen. Ninety-two
percent of the theoretical amount of methanol is removed by distillation. In the
second step, antimony acetate polycondensation catalyst and trimethyl phosphate
thermal stabilizer (9.9 × 10−4 and 1.5 × 10−3% mass of the total amount of DMI
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and DMT mixture, respectively) are added. The polymerization is carried out with
stirring for 2.5–3.5 h at 260–280◦C under vacuum (ca. 10−2 mbar). The intrin-
sic viscosity of the resulting copolymer is 0.504 dL/g (measured in CF3COOH
at 30◦C). This copolyester is amorphous (Tg = 64.1◦C). A series of other PEIT
copolyesters can be prepared at various DMI–DMT monomer ratios.

2.4.3.4 Aromatic–Aliphatic Alternating Copolyesteramide

The dimethyl ester of a carboxy-terminated diamide is reacted with 1,2-ethanediol
in the conditions of PBT synthesis. The amide functions are unaffected while the
hydroxy–ester interchange reaction proceeds to the formation of an alternating
copolyesteramide (Scheme 2.60). The procedures given below are reproduced
from ref. 430. (Copyright  1997 Elsevier Science Ltd, with permission of the
copyright owner.)

Synthesis of N ,N ′-bis(p-carbomethoxybenzoyl) butanediamine (T4T-dimethyl).
Dimethyl terephthalate (DMT) (275 g, 1.42 mol) is dissolved at 65◦C in a mixture
of 1100 mL anhydrous toluene and 85 mL anhydrous methanol in a 2-L flask
equipped with a stirrer, condenser, calcium chloride tube, and nitrogen inlet.
When all the DMT is dissolved, 15 mL lithium methoxide (1.25 M) is added.
1,4-Butanediamine (BDA) (34 mL, 0.34 mol), dissolved in 150 mL anhydrous
toluene and 10 mL anhydrous methanol, is added dropwise in 4–6 h while the
nitrogen flow is stopped. Three hours after the start of the BDA addition, the
temperature is gradually increased up to 90◦C (5◦C/h) while the methanol is
stripped off. After a total reaction time of 24 h the reaction is stopped. The white



108 POLYESTERS

C

O

OH3C C

O

NH

HO (CH2)2

(CH2)2 O C

O

C

O

OH

OHx
with x > 2

(CH2)2 OH

+

(CH2)4 NH C

O

C

O

O CH3

NH (CH2)4 NH C

O

C

O

O
n

1) 200 °C, 1 bar, N2 (15 min)
2) Ti(i-OC3H7)4, 200–260 °C (80 min)
3) 15–20 mbar (5 min)
4) < 2.5 mbar (45 min)

solid state (particule size < 1 mm)
250 °C, < 1 mbar (24 h)

HO (CH2)2 OH ↑++ [x−(1 + 1/n)]

1/n

2 CH3OH ↑

Scheme 2.60

precipitate is filtered through Soxhlet extraction thimbles and washed twice with
hot m-xylene to remove DMT. The product is subsequently dried overnight in
a vacuum oven at 70◦C. T4T-dimethyl is recrystallized from hot 1-methyl-2-
pyrrolidinone (50 g/L at 160◦C) and washed with hot acetone twice. The purified
T4T-dimethyl is dried overnight in a vacuum oven at 70◦C.

Melt polycondensation: The reaction is carried out in a 250-mL stainless steel
vessel with nitrogen inlet and mechanical stirrer. The vessel containing T4T-
dimethyl (30 g, 72.8 mmol) and ethanediol (30 g, 0.48 mol) is heated up in an oil
bath at 200◦C. After 15 min reaction Ti(i-OC3H7)4 (1.5 mL of 0.1 M solution in
CH2Cl2) is added and subsequently the temperature is gradually raised to 260◦C
(1◦C/min). After 10 min at 260◦C the pressure is reduced (15–20 mbar) for
5 min. Then the pressure is reduced further (<2.5 mbar) for 45 min. The vessel
is cooled down slowly to room temperature, maintaining the low pressure. After
solidification, the polymer is ground (particle size <1 mm) and subsequently
dried in a vacuum oven at 80◦C.

Solid-state postpolycondensation: The postpolycondensation is carried out at
reduced pressure (<1 mbar) in a glass tube which is placed in an oven at a
temperature of 250◦C for 24 h. The inherent viscosity of the resulting polymer
is 0.61 dL/g (0.1 g/dL solution in p-chlorophenol at 45◦C). DSC: Tg = 124◦C,
Tm = 316◦C.

2.4.3.5 Polyester–Polyether Thermoplastic Elastomers: Dimethyl
Terephthalate/1,4-Butanediol/Dihydroxy–Poly(oxytetramethylene)
Reaction

Poly(poly(alkylene terephthalate)-block-poly(oxyalkylene)) thermoplastic elas-
tomers are prepared by the bulk polycondensation of dimethyl terephthalate
with a mixture of 1,4-alkanediol and hydroxy-terminated poly(oxyalkylene) in
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the conditions of PBT synthesis (Section 2.4.3.2). The procedure reported below
(Scheme 2.61) describes the synthesis of a PBT–poly(oxytetramethylene) multi-
block copolymer (57.8% mass hard block).431
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Hydroxy-terminated poly(oxytetramethylene) (number average molar mass ≈
975) 38.5 g (0.0395 mol), 36.5 g (0.405 mol) of 1,4-butanediol, 60.0 g
(0.309 mol) of dimethyl terephthalate, and 0.298 g (0.828 mmol) of N ,N ′-bis(β-
naphthyl)p-phenylenediamine as stabilizer are weighed into a 250-mL agitated
flask fitted with nitrogen inlet and a short distillation column. The flask is placed
in an oil bath at 160◦C, agitated for 5 min and then 0.7 mL of a catalyst
solution (see note at end of procedure) is added. Methanol distills from the
reaction mixture as the temperature is slowly raised to 250◦C, over a period of
1 h. When the temperature reaches 250◦C, the pressure is gradually reduced to
0.4 mbar within 20 min. The polymerization mass is agitated at 250◦C/0.4 mbar
for 90 min. The inherent viscosity of the resulting product (0.1 g/dL in m-cresol)
is 1.65 dL/g. A series of thermoplastic elastomer polyester with other hard/soft
block ratios can be prepared following a similar procedure

Note: The catalyst solution is prepared by mixing 20 mL of a solution of
11.10 mL of tetrabutoxytitane in 90 mL dry butanol with 10 mL of a solution of
0.3 g anhydrous magnesium acetate in 10 mL dry methanol.

2.4.4 Aromatic Polyesters

2.4.4.1 Bisphenol-A Polyarylates

2.4.4.1.1 Terephthaloyl Chloride/Isophthaloyl Chloride/Bisphenol-A
Solution Polyesterification

This procedure has been adapted from that described in ref. 432.
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Terephthaloyl chloride, 20.32 g (0.1 mol), and 20.32 g (0.1 mol) of isoph-
thaloyl chloride are charged into a 1-L three-necked Morton flask equipped with
a mechanical stirrer, thermometer, reflux condenser with attached drying tube,
an inert gas inlet, and a pressure-equalized addition funnel. Methylene chloride
(600 mL, distilled and dried over molecular sieve) is added to the flask. The flask
is immersed in an ice bath, but the temperature is kept at 15◦C or higher to prevent
the precipitation of terephthaloyl chloride. The solution is kept under constant dry
nitrogen flow with stirring. A solution of p-tertiobutylphenol (0.12 g, 0.8 mmol),
used as a chain stopper, bisphenol-A (45.57 g, 0.1996 mol), distilled dry triethy-
lamine (42.5 g, 0.42 mol), and distilled dry methylene chloride (60 mL) is added
to the diacid chloride solution over a 10-min period with stirring at 15–21.5◦C.
The addition funnel is rinsed with methylene chloride (40 mL). The reaction mix-
ture is stirred for an additional 1 h. The polymer is recovered by precipitation
in distilled water in a Waring blender. The precipitated polymer is washed once
with hot distilled water and once with cold distilled water in the Waring blender.
The final wash is free of chloride ions. The polyarylate is dried in a vacuum
oven. The intrinsic viscosity of the polyester is close to 0.9 dL/g (determined in
1,1,2,2-tetrachoroethane at 30◦C).

2.4.4.1.2 Terephthaloyl Chloride–Isophthaloyl Chloride–Bisphenol-A
Interfacial Polyesterification

This procedure has been adapted from ref. 433 (Scheme 2.62).
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2,2-Bis(4-hydroxyphenyl)propane (bisphenol-A) 3.65 g (0.16 mol), and 1.1 g
(4.8 mmol) of benzyltriethylammonium chloride are dissolved in 324 mL of
NaOH (1 mol/L). Methylene chloride, 270 mL, is added to this solution. At a
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temperature not exceeding 22◦C, a solution of 16.25 g (0.08 mol) of terephthaloyl
chloride and 16.25 g (0.08 mol) of isophthaloyl chloride in 80 mL of methylene
chloride is added over a period of 15 min to the very vigorously stirred mix-
ture. Stirring is continued for an additional 1 h. The upper aqueous layer is
decanted and replaced by 300 mL of water, and the mixture is again stirred for
15 min. This procedure is repeated once more. Upon pouring the polymer solu-
tion into water, a fibrous white polymer precipitates which can easily be isolated.
The inherent viscosity of the resulting polyarylate is 1.4 dL/g [0.5% mass in
1,1,2,2-tetrachloro-ethane/phenol (40/60 mass) at 30◦C].

DSC: Tg = 194◦C, Tm = 260◦C. A series of polyarylates can be prepared
following the same procedure at various terephthaloyl chloride– isophthaloyl
chloride ratios.434

2.4.4.1.3 Terephthalic Acid–Isophthalic Acid–Bisphenol-A Reaction
Using Thionyl Chloride Activation

This procedure is reproduced from ref. 435. (Copyright  1986 John Wiley &
Sons, Inc., by permission of the copyright owner.)

To cold thionyl chloride (1.31 g, 11 mmol) in an ice-water bath, pyridine
(10 mL) is added slowly for 10 min to keep the reaction temperature low.
The reaction medium is stirred for 30 min. Then, a mixture of isophthalic acid
(0.41 g, 2.5 mmol) and terephthalic acid (0.41 g, 2.5 mmol) in pyridine (10 mL)
is added slowly for 10–20 min to control the reaction temperature. The cooling
bath is then removed and the reaction mixture is stirred at room temperature
for 20 min. 2,2-Bis(4-hydroxyphenyl)propane (bisphenol-A, 1.14 g, 5 mmol) in
pyridine (10 mL) is added all at once to the mixture, and the whole solution
is heated to 80◦C (bath temperature) for 4 h. The resulting viscous solution is
diluted with pyridine and poured into methanol to precipitate the polymer, which
is washed in boiling methanol and dried. The inherent viscosity of polymer is
2.2 dL/g (determined in 60/40 phenol–1.1.2.2-tetrachloroethane at 30◦C)

Note: Several condensing agents for the direct polycondensation reaction
such as diphenyl chlorophosphate–LiBr and tosyl chloride–DMF have also been
developed by Higashi et al.311,312 (see Section 2.3.3.2).

2.4.4.1.4 Diphenyl Terephthalate–Diphenyl Isophthalate–Bisphenol-A
Melt Polyesterification

This synthesis involves the hydroxy–ester interchange reaction between phenyl
ester and phenol endgroups436 (Scheme 2.63) (see Section 2.3.2.2).

Diphenyl terephthalate, 31.8 g (0.1 mol), and 31.8 g (0.1 mol) of diphenyl
isophthalate are reacted under nitrogen at a temperature of 180◦C with 45.6 g
(0.2 mol) of 2,2-bis(4-hydroxyphenyl)propane (bisphenol-A) in the presence of
64 mg of Sb2O3. After 3 h, the temperature is increased to 230◦C for 1 h, then
to 250◦C for 1 h, and the reaction is continued with distillation of phenol. The
temperature is then raised to 310◦C, the condensation vessel is removed, and
vacuum (0.3 mbar) is applied. The polycondensation continues very rapidly with
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a strong increase in the viscosity of the melt. The reaction is terminated after 1 h.
A brownish, noncrystalline, somewhat brittle polycondensate is obtained with an
inherent viscosity equal to 0.44 dL/g (1 g/dL in phenol–1,1,2,2-tetrachloroethane
(60/40) at 25◦C).

Note: Bisphenol-A and the diaryl esters of terephthalic acid and isophthalic
acid are nonvolatile compounds, so that any excess of these components cannot
completely be removed, resulting in a low-molar-mass, unusable polyester. More-
over, excess bisphenol-A causes a strong discoloration of the polyester melt due
to thermal degradation at the high reaction temperature used. This can be avoided
if the diaryl esters are mixed with 5 mol % of diphenyl carbonate. Any excess
of this compound can easily be removed in vacuum at the polycondensation
temperature.

Experiment with addition of diphenyl carbonate: Diphenyl terephthalate, 31.8 g
(0.1 mol), 28.62 g (0.09 mol) of diphenyl isophthalate, and 2.37 g (0.011 mol)
of diphenyl carbonate are polycondensed with 45.6 g (0.2 mol) of 2,2-bis(4-
hydroxyphenyl)propane (bisphenol-A) under the preceding conditions. A slightly
brownish, extremely tough, noncrystalline polyester is obtained with an inherent
viscosity equal to 0.56 dL/g. The softening point of the polyester is equal to
200◦C and the melting range is 215–285◦C.

2.4.4.1.5 Terephthalic Acid–Isophthalic Acid–Bisphenol-A Diacetate
Melt Polyesterification

A procedure similar to that given below for wholly aromatic liquid crystalline
polyesters can be used (see Section 2.4.4.2). The inherent viscosity of the
resulting polymers were ca. 0.6 dL/g (0.5 g/dL in phenol–o-dichlorobenzene at
25◦C).437,438
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2.4.4.2 Liquid Crystalline Polyesters

2.4.4.2.1 Poly(4-oxybenzoyl-co-6-oxy-2-naphthoyl)

This procedure has been adapted from ref. 17 (Scheme 2.64).
4-Acetoxybenzoic acid, 101 g (0.56 mol), and 55 g (0.24 mol) of 6-acetoxy-

2-naphthoic acid are weighed into a three-necked round-bottom flask equipped
with a stirrer, argon inlet tube, and a heating tape wrapped around a distillation
head connected to a condenser. The charged flask is purged with argon and placed
in a salt bath preheated at 250◦C. The reaction mixture melt is stirred rapidly
under a stream of dry argon while acetic acid is distilled from the polymerization
vessel. The mixture is stirred for 3 h at 250◦C and then for 1 h 15 min at 280◦C.
The temperature is then increased gradually to 320◦C. The viscous polymer melt
is held for 25 min at 320◦C. Then, vacuum is applied slowly to 0.1 mbar and
held for 26 min. During these stages polymer melt viscosity increases and stirring
should be slowed down. After cooling, the polymer is finely ground and dried at
150◦C for 1 h.

Characterization17: Inherent viscosity 5.7 dL/g (1% mass in pentafluorophenol
at 60◦C). DSC: Tm = 275◦C (nematic melt).

2.4.4.2.2 Poly(p-oxybenzoyl-co-(p-phenylene isophthalate))

The carboxy–ester interchange melt polyesterification used for the preparation of
this wholly aromatic copolyester is followed by a solid-state postpolyesterification
(Scheme 2.65). (Reprinted from ref. 439. Copyright  1990 John Wiley & Sons,
Inc., by permission of the copyright owner.)

Into a 1-L three-necked glass reaction kettle equipped with a mechanical
stirrer, nitrogen inlet tube, and a distillation head connected to a condenser are
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added 45.0 g (0.25 mol) of p-acetoxybenzoic acid, 48.5 g (0.25 mol) of
4.4′-phenylenediacetate, and 41.5 g (0.25 mol) of isophthalic acid. The monomers
are melted under nitrogen and heated to 260◦C for 1 h; acetic acid distills out
during this stage. The reaction mixture is then heated to 320–330◦C, and vacuum
is applied slowly (ca. 0.7 mbar) and held for one hour. The polymer product is
dried and ground. The ground sample is then charged into a solid-sate polymer-
ization tube equipped with a vacuum line. Vacuum (0.7 mbar) is applied and the
tube is heated to 260–280◦C and held for 4 h at this temperature.

Characterization439: Inherent viscosity before and after solid-sate polymeriza-
tion is 0.46 and 3.20 dL/g, respectively (0.5 g/dL in pentafluorophenol at 25◦C).
DSC: Tg = 135◦C, Tm = 317◦C. A copolyester of similar composition440 exhib-
ited a liquid crystalline behavior with crystal–nematic and nematic– isotropic
transition temperatures at 307 and 410◦C, respectively (measured by DSC and
hot-stage polarizing microscopy). The high-resolution solid-state 13C NMR study
of a copolyester with a composition corresponding to z2/z1 = 1.35 has been
reported.441

2.4.5 Hyperbranched Polyesters

2.4.5.1 Hyperbranched Aliphatic Polyester Based on
2,2-Bis(hydroxymethyl) Propionic Acid

This aliphatic hyperbranched polyester is prepared by the bulk polycondensation
of 2,2-bis(hydroxymethyl)propionic acid (bis-MPA) as AB2 monomer and 1,1,1-
tris(hydroxymethyl)propane (TMP) as B3 core molecule, according to a procedure
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published by Malmström et al.65 A typical example corresponding to the synthesis
of the third-generation polyester (see Scheme 2.66) is detailed below. (From
ref. 65. Copyright  1995 American Chemical Society, by permission of the
copyright owner.)
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Scheme 2.66

Bis-MPA (6.71 g, 50.0 mmol), TMP (0.745 g, 5.55 mmol) (in stoichiometric
correspondence to a perfect dendrimer of second generation), and p-toluene sul-
fonic acid monohydrate (p-TSA, 33.6 mg) are carefully mixed in a three-necked
flask equipped with an argon inlet, a drying tube, and a stirrer. The flask is placed
in an oil bath previously heated to 140◦C. The mixture is left to react under a
stream of argon, removing the water formed during the reaction. After 2 h, the
argon stream is turned off and the flask sealed and connected to a vacuum line
(12 mbar, cooling trap) for 1 h. The pressure is increased to atmospheric with
argon, bis-MPA corresponding to the third generation (8.94 g, 66.7 mmol) and
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p-TSA (44.8 mg) are added, and the argon flow is started. After 2 h of reac-
tion at normal pressure, vacuum is applied for 1 h before the reaction mixture is
removed from the flask.

Fourier transform infrared (FTIR) spectroscopy (NaCl) shows no remain-
ing carboxylic acid (1696 cm−1, carbonyl) but only ester groups (1736 cm−1,
carbonyl): Mn(SEC) = 6530; Mn(

1H NMR) = 1640; theory for third generation:
Mn = 2570.65 Polyesters of higher generation were synthesized according to this
pseudo-one-step procedure and were analyzed by SEC, VPO, and 1H NMR.65

2.4.5.2 Hyperbranched Aromatic Polyesters

Wholly aromatic hyperbranched polyesters based on 3,5-dihydroxyisophthalic
acid can be prepared either from bis(acetoxy)isophthalic acid or from its silylated
derivative (Scheme 2.67).

2.4.5.2.1 Hyperbranched Aromatic Polyester Prepared
from 3,5-Diacetoxybenzoic Acid

This procedure is reproduced from ref. 442. (Copyright  1993 American Chemi-
cal Society, by permission of the copyright owner.)

Polymerization of 3,5-diacetoxybenzoic acid : 3,5-Diacetoxybenzoic acid (20 g,
0.084 mol) is placed in a dry flask under argon. The reaction vessel consists of
a 100-mL round-bottom flask with a long neck, a mechanical stirrer, a nitrogen
inlet with a long glass tube going to the bottom of the flask, and a ground
joint for connection to a vacuum pump. The reaction vessel is also connected
with a condenser and a receiver to distill acetic acid. p-Toluene sulfonic acid
monohydrate (0.6–2 mol %), as catalyst, is added into the reaction mixture. The
reaction flask is placed in a salt bath at 230◦C. A slow inert gas (nitrogen) stream
is applied during the first stage of the reaction until viscosity is built up. Then
vacuum is applied (about 10−2 mbar) to drive the reaction to high conversion
(0.5–3 h). At the end of the reaction, stirring with the mechanical glass stirrer is
no longer possible due to the high viscosity of the polymer. At room temperature
the polymer is very brittle and can be easily broken into small pieces. The polymer
is dissolved in THF overnight, filtered, and precipitated into methanol to yield a
white powder. The yield is 80–90%.

Characterization442: Intrinsic viscosity 0.095 dL/g (determined at 25◦C in
THF). Proton NMR (DMSO-d6): δ = 2.25 (s, 3H), four broad signals between
7.25 and 8.18 (3H), no OH protons. IR (KBr): ν = 3045, 2940, 1765 (COOR),
1600 cm−1. DSC: The polymer is amorphous with Tg = 149◦C. SEC: Mw =
62,000, Mw/Mn = 12.0 (determined in THF from universal calibration or directly
from low angle laser light scattering measurements).

Note: Kricheldorf et al.268 synthesized the same polyester by a similar proce-
dure using Ti(OPr)4 as polymerization catalyst. The characteristics of the resulting
polymer were inherent viscosity 0.22 dL/g (determined at 20◦C in 4/1 CH2Cl2 –
trifluoroacetic acid at a concentration of 0.2 g/dL). DSC: Tg = 164◦C. Degree of
branching (DB) 0.48 (determined by 1H NMR).
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2.4.5.2.2 Hyperbranched Aromatic Polyester Prepared from Trimethylsilyl
3,5-Diacetoxybenzoate

This procedure is reprinted from ref. 268. (Copyright  1995 American Chemical
Society, by permission of the copyright owner.)

Synthesis of trimethylsilyl 3,5-diacetoxybenzoate: 3,5-Diacetoxybenzoic acid
(119.11 g, 0.5 mol) and chlorotrimethylsilane (65.18 g, 0.6 mol) are dissolved in
dry toluene (1 L), and triethylamine (60.71 g, 0.6 mol) is added dropwise with
stirring and heating. The reaction mixture is refluxed for 2 h, cooled with ice, and
filtered under exclusion of moisture. The product is isolated from the filtrate by
distillation in vacuum over a short-path apparatus. Yield 79%; Tm = 40–42◦C.
Proton NMR (CDCl3/TMS): δ 0.42 (s, 9H), 2.31 (s, 6H), 7.10 (t, 1H), 7.70
(d, 2H).

Polycondensations of trimethylsilyl 3,5-diacetoxybenzoate: Trimethylsilyl 3,5-
diacetoxybenzoate (15.52 g, 50 mmol) is weighed into a cylindrical reactor equip-
ped with a glass stirrer and gas inlet and outlet tubes. The reaction vessel is placed
into a metal bath preheated to 200◦C. The temperature is raised in 20◦C steps
over a period of 1 h and finally maintained at 280◦C for 3 h. Vacuum is then
applied for an additional 0.5 h. Finally, the cold reaction product is powdered,
dissolved in CH2Cl2 – trifluoroacetic acid (volume ratio 4 : 1), and precipitated
into cold methanol.

Characterization268: Inherent viscosity 0.36 dL/g (measured at 20◦C in 4 : 1
CH2Cl2 – trifluoroacetic acid at a concentration of 0.2 g/dL). DSC: Tg = 162◦C.
SEC: Mw = 27,000, Mw/Mn = 10 (determined in THF, calibrated with commer-
cial polystyrene standards). Degree of branching (DB) 0.49 (calculated from the
1H NMR spectrum).

Note: This hyperbranched polyester was also prepared by the bulk poly-
merization of 3,5-bis(trimethylsilyloxy)benzoyl chloride.202 DSC: Tg = 190◦C.
DB = 0.55–0.60 (1H NMR measurements).
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3 Polyamides

Reinoud J. Gaymans
Twente University, 7500 AE Enschede, The Netherlands

3.1 INTRODUCTION

Polyamides (PAs) are high-molecular-weight materials containing amide units;
the hydrocarbon segments between the amide groups can be aliphatic, partially
aromatic, or wholly aromatic. The type of hydrocarbon segment used has an
effect on the chain flexibility and structural regularity; this is important for the
formation of the crystalline phase. Polyamides, in common with polypeptides,
contain an amide group and are often called Nylons, the trade name given to
them by DuPont.

PAs can be divided into polymers synthesized from diamines and diacids,
called AA–BB-type polymers as in (3.1) and polymers based on amino acids,
called AB-type polymers as in (3.2):
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Polymers are further defined based on the number of carbon atoms they con-
tain. Thus, the PA based on 1,6-hexamethylene diamine and sebacic acid is
named PA-6,10 and the polymer based on caprolactam, PA-6. Terephthalic and
isophthalic acid units are coded T and I. Thus, PA-6,T represents the PA from
hexamethylene diamine and terephthalic acid.

3.1.1 Historical Perspective

Many types of PAs have been studied, and in one of the first patents on PAs, filed
by of Carothers of DuPont in 1937, 31 were described.1 Of these 31 polyamides,
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nylon-6,6 is still very important, nylon-6,10 is being produced on a smaller scale
and nylon-4,6 has only been on the market for a few years since it is now
possible to avoid degradation during polymerization.2 In the 1930s, Schlack at
I. G. Farben in Germany3 developed the other important aliphatic polyamide,
nylon-6. Sisters of PA-6 which are also on the market are PA-11 and PA-12.
Since this time, partially aromatic and wholly aromatic PAs have been success-
fully developed.

PA-6,6 was the first synthetic condensation polymer on the market. The
announcement of the start of industrial production of PA-6,6, the birth of a
new kind of material, was a milestone event. PA-6,6 was chosen for industrial
development as the starting materials were easily prepared and the polymer
exhibited excellent thermal stability and ductile deformation behavior. In the
1930s, not only was the synthesis of the polymer studied and large-scale
production routes developed, but monomer synthesis, polymerization equipment,
melt processing apparatuses, and the analytical techniques for studying the
polymers were also developed. This major engineering achievement was
combined with a strong marketing effort. It is remarkable that after many decades
since their discovery, PA-6,6 in the United States and PA-6 in Europe are still
dominant polymers in the marketplace. A number of excellent reviews have been
written on polyamides.4 – 13

3.1.2 Applications

The first use of PAs was in fiber applications, in which fibers were produced by
melt spinning. These materials have a high strength and good wear resistance
and can be easily dyed. The tension stiffening effect of the PA melt made the
production of fibers with homogeneous thickness possible.

PAs as engineering plastics came onto the market following the develop-
ment of the injection-molding machine, and most PAs as engineering plastics
are processed by this method. The major part of PAs as engineering plastics are
either a reinforced or a rubber-modified grade. The glass-fiber-filled PAs have a
high modulus, high strength, and good dimensional stability up to their melting
temperature. These PAs are used in highly demanding applications such as in
the transport sector “under the hood,” in housing for electrical equipment, and
in sporting goods. With caprolactam and laurolactam, casting is also possible,
which is an interesting technique for thick-walled articles. High-molecular-weight
materials have good mechanical properties, but for ease of processing, the melt
viscosity should be low. For melt spinning, the melt viscosity can be very low,
whereas for extrusion and blow-molding grades the higher viscosities are desir-
able (Table 3.1).

Partial aromatic PAs have also been well studied and are of indus-
trial importance. The later developed, wholly aromatic PAs poly(m-phe-
nyleneisophthalamide) in (3.3) and poly (p-phenyleneterephthalamide) in (3.4)
are interesting fiber-forming materials with high maximum-use temperature7,9,14.
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TABLE 3.1 Typical PA-6 Granulate Specificationsa

Relative
Viscosityb Application

2.4–2.6 Textile filament
2.5–2.7 Staple fibers
2.7–2.9 Carpet yarns
2.8–3.0 Industrial yarn
3.2–3.6 Tire yarn, film
2.7–4.0 Engineering plastic, film, foil

a From ref. 13.
b Determined on 1% solutions in 96% sulfuric acid at 25◦C.
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Poly(p-phenyleneterephthalamide) forms a liquid crystalline solution and can
be spun into a fiber with a very high orientation; these fibers have excellent tensile
and thermal properties. These high-modulus fibers are suitable as reinforcing
materials in technical applications.

3.1.3 Research Trends and Critical Issues

PA-6,6 is still often synthesized in a one-pot batch process with a prepolymeriza-
tion stage under pressure. Continuous processes have long been described, and
for prepolymerization, in particular, they seem to work well. However, with this
method, there does seem to be a problem with quality control.

PA-6,6 is made from the relatively expensive materials hexamethylene diamine
and adipic acid. An alternative synthesis of PA-6,6 from adiponitrile and hexam-
ethylene diamine utilizing water is under investigation.16 PA-6 can be synthesized
in a continuous process at atmospheric pressure, but reaction times are very long
as the ring-opening initiation step is particularly slow. The reaction time can
be shortened considerably by carrying out prepolymerization in the presence of
excess water at pressure; however, this makes the continuous polymerization pro-
cess more complex. Copolymers with amide units of uniform length (diamides)
are relatively new; the diamide units are able to crystallize easily and have a
thermally stable crystalline structure.
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3.2 STRUCTURE–PROPERTY RELATIONSHIPS

PAs have good mechanical properties due to their hydrogen bonding. The hydro-
gen bonding increases the chain interaction resulting in a higher yield stress,
fracture stress, impact strength, tear strength, and abrasion resistance. Most PAs
on the market are semicrystalline polymers, which have a high maximum-use
temperature and a good solvent resistance. The aliphatic PA types −(AA–BB)n−
in (3.1) and −(AB)n− in (3.2) are named after the number of carbon atoms in
each unit. The polyamides −(AA–BB)n− are called polyamide-x (y + 2), for
example, polyamide-4,6, -6,6, -6,10, and -6,12. The x in the name stands for
the number of methylene units in the diamine unit, and y stands for the number
of methylene units in the diacid unit. The total number of carbon atoms in the
diacid unit including the two acid carbons is thus y + 2. The (AB)n-type PAs
such as PA-6, -11, and -12 are called by one number, x + 1, where x stands
for the number of methylene units and x + 1 for the number of carbon atoms
including the acid carbon in this amino acid unit.

PAs have several thermal transitions. The melting temperature, the crystalliza-
tion temperature, and the rate of crystallization can all be studied with differential
scanning calorimetry (DSC). However, at the Tg the change in the Cp value for
aliphatic PAs is not sharp, and thus the transition is often not resolved by this
method. The Tg and other thermal transitions can be studied by dynamic mechan-
ical analysis (DMA) (Fig. 3.1).5 – 7,11,12,17 The observed transitions are the flow
temperature (melting temperature) (Tfl or Tm), the glass transition temperature
(Tg), a β-transition temperature (Tβ) of a non-hydrogen-bonded chain at about
−50◦C, and a γ -transition temperature (Tγ ) of the mobile of methylene units at
about −120◦C. PAs are often semicrystalline and in the region between the Tg and
Tm have a reasonably high modulus. Thus, semicrystalline PAs are dimensionally
stable up to their melting temperature.
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Figure 3.1 Influence of temperature on shear modulus and tan δ at 1 Hz of PA-6 (dry).17
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3.2.1 General Considerations

PAs are used neat in fibers, films, and engineering plastics and may contain
fillers in engineering plastics applications.5 – 7,11,15 Reinforced PA accounts for
about 80% of the engineering plastic market. Most of the reinforced PA is filled
with glass fibers and to a lesser extent with particles like talc, kaolin, and mica.
For engineering plastics applications, dimensional stability at high temperatures
is often sought. Solvent resistance to hydrocarbons is also important for use in
automotive applications such as PA-11 in fuel lines. The processing of engineer-
ing plastics is achieved by injection molding and to a lesser extent by extrusion;
to ensure good processability, a low melt viscosity is required and rapid crystal-
lization is important.

Semicrystalline partial aromatic PAs have a very high melting temperature,
often too high for melt synthesis and melt processing. Amorphous partial aromatic
PAs do not have a melting temperature and can thus be synthesized and processed
at lower temperatures. They are transparent and have good solvent resistance
and relatively low water absorption.18 Wholly aromatic PA can be processed
from solution into film and fibers. These polymers have very good dimensional
stability and excellent heat stability. All para wholly aromatic PAs form liquid
crystalline solutions, and fibers can be obtained which are highly oriented and
which have a para-crystalline structure.7,9,14 These all-aromatic PA fibers have a
very high modulus and fracture strength.

3.2.2 Role of Chemical Structure

3.2.2.1 Amide Concentration

Linear polymers have crystalline order, which is a function of the amide content
and the regularity of the spacing of the amide units. The melting temperature
(Tm) increases with amide concentration and is highest for the even–even PAs
(Fig. 3.2). The glass transition temperature (Tg) also increases with amide content
(Fig. 3.3), and this steady increase in Tg with amide content is due to the strong
interchain hydrogen bonding of amide groups.

The melting temperature is a function of the melting enthalpy and entropy:

Tm = �Hm/�Sm (3.5)

Although the amide groups allow the formation of strong interchain hydrogen
bonding, the increase in melting temperature is generally not due to an increase
in �Hm but due to a decrease in �Sm.19 The minimal effect of amide content on
�Hm is due to the fact that, in melting, the hydrogen bonding is not broken.

3.2.2.2 Structural Regularity

As PA can be regarded as polyethylene (PE) containing amide units, it is obvious
that the positioning of the amide units in the chain is important for structural



140 POLYAMIDES

130
0 4 8 12 16 20 24

150

170

190

10,20

8,12

6,12

6,10

4,10

6,6

4,6

7,4

7,6 6,3
8,5

6,7

6,9

9,9
5,11

6,5

5,5

7,8
8,7

210

230

M
el

t t
em

pe
ra

tu
re

, °
C 250

270

290

310

330

Amide frequency, 
CONH

chain atoms
100×

Figure 3.2 Influence of amide content (amide units/chain atoms × 100) on melting tem-
perature of PA AA-BB.6

order.6,13 The main consideration is that hydrogen bonding between amide units
occurs in the melt. For optimal packing in the crystalline phase, the methylene
sequence must be fully extended in a planar zigzag. In even–even PA (as in PA-
6,6), the chains order in a parallel fashion (Fig. 3.4a) with an extended planar
zigzag conformation of the ethylene units.6,20 The unit cell of this stacking is
triclinic and, with wide-angle X-ray spectroscopy (WAXS), two strong signals are
observed at spacings of 0.44 and 0.37 nm. These spacings represent the projected
interchain distance within a hydrogen-bonded sheet and the intersheet distance,
respectively. In uneven chain segments (as in PA-7,7), the olefinic chain segments
have to twist in order to accommodate full hydrogen bonding and the order is
much lower. PA-6 stacks best in an antiparallel fashion (Fig. 3.4c). However, in
the antiparallel structure there is a small mismatch in stacking of the chains due to
the angle of the hydrogen bond with the chain axis. This results in a lower order
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Figure 3.4 Packing of amides in unit cell: (a) α-parallel structure of even–even PA;
(b) β-antiparallel structure of even–even PAs with equal methylene sequence length in
amine and acid unit, as in PA-4,620; (c) antiparallel PA-6-type polymer.

and a lower melting temperature than in PA-6,6. The structure of crystallized
PA-6-type material is monoclinic with two spacings. Poorly crystallized PA-6
does not have an extended methylene sequence at room temperature and the
unit cell structure is pseudohexagonal with single spacing. In this structure, the
direction of the amide bonds can be in both planes.12
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A special case is if the methylene units in the even–even PA are in the diamine
as long as in the diacid (as in PA-4,6, -6,8, and -8,10) so that an ordering in both
a parallel and an antiparallel fashion is possible (Figs. 3.4a, b).20 Because of this
feature, these polymers have the highest order.

If the well-crystallized PAs are heated, the two characteristic diffraction sig-
nals move together and meet at what is called the Brill temperature (Fig. 3.5).6,20

Above this Brill temperature, there is only one spacing for both directions; this
implies a pseudohexagonal packing, such as that observed in the poorly crystal-
lized PA-6 at room temperature.

The melting temperatures of the even–even PAs are higher than for other
AA–BB-type PAs and A–B-type PAs.6,11,21 However, the amide order has little
effect on the glass transition temperature (Fig. 3.3).

A higher structural regularity of the chains makes possible a more rapid crys-
tallization and, as a result, a higher crystallinity of the polymer. A higher rate
of crystallization increases the rate of solidification on cooling and eases the
processability of the polymer. In injection molding, with a rapidly crystallizing
polymer system, the cycle times can be lowered; the greater the crystallinity
of the polymer during processing, the lower the shrinkage afterward. The crys-
talline structure formed is comprised of unit cells which are stacked into lamel-
lae 6–10 nm thick which can grow into spherulites. Secondary crystallization
can take place in between the lamella formed. The lamellae are the physical
crosslinks for the amorphous chain segments. The effect of the crystalline phase
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Figure 3.5 Changing spacing of unit cell with temperature as measure with WAXS.20

Transition from triclinic (α-structure, with two spacings) to pseudohexagonal (γ -structure,
with one spacing) can be seen.
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is most important in the region between the Tg and Tm. It is generally observed
that in this Tg –Tm region the modulus gradually decreases with temperature
(Fig. 3.1). The higher the crystallinity of the system, the higher the modulus is
in this region.

3.2.2.3 Water Absorption

Water absorption in PA increases exponentially with amide content (Fig. 3.6).
The water absorption equilibration can be carried out at room temperature and
also in boiling water. The latter method gives comparable results as the crystalline
phase under these conditions is not dissolved. Water drastically lowers the Tg of
the PA and with that the modulus and the yield strength at room temperature
(Fig. 3.7).17 With the lowering of the Tg, a β-transition at −30◦C is observed. A
fully saturated PA has a Tg of −30◦C. The Tg of a fully water saturated sample
approaches that of a non-hydrogen-bonded system such as an N-methylated PA
or an aliphatic polyester. Surprisingly, the fracture strength is little affected by
the water content. It is typical to observe that a water-containing PA has a higher
modulus below its Tg than a dry sample (Fig. 3.7). Thus, in this region, the water
has an antiplasticization effect. Curiously, the first percent of water is absorbed
without increasing the volume of the system; this water in PA is therefore present
in the free space between the polymer chains. At temperatures higher than the
Tg, the effect of water on the modulus is small. There is also little effect of the
water on the Tm if the sample is warmed gradually. This is probably due to the
evaporation of the water during the warming process. However, in an autoclave,
the aliphatic PAs dissolve in water well below their melting temperature.

Partial aromatic PAs have, when dry, a Tg of well over 100◦C and maintain a
Tg above room temperature when wet.18 Thus their properties at room temperature
are only marginally affected by their water content.
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3.2.3 Copolymers

3.2.3.1 Copolyamides

If an aliphatic, semicrystalline PA is blended with another aliphatic PA, then
initially the polymers mix and crystallize separately. With longer residence times
in the melt, transamidation takes place and the melting temperatures change
(Fig. 3.8).6 With even longer mixing times, complete randomization takes place
where a random copolyamide is formed having a poor structural order. These ran-
dom copolyamides do not crystallize quickly; they also have a low crystallinity
and their melting temperatures are low. The glass transition temperature of the
copolymer is unaffected by this lower order. Similar copolymers can also be pre-
pared in a reactor starting from monomers. A special case is if the copolymers
are made from structural units of similar length, such as adipamide and tereph-
thalamide as in PA-6,6/PA-6,T. The adipic and terephthalic units are almost the
same in length and, as a result, the melting temperature of the random poly-
mers PA-6,6/PA-6,T is only somewhat lower than can be expected from the rule
of mixtures (Fig. 3.9). However, sebacic and terephthalic acid have a dissimilar
length, and thus the PA-6,10/PA-6,T copolymers have a poor order. A closer
look at the PA-6,6/PA-6,T copolymers by WAXS reveals that the adipamide and
terephthalamide units form their own unit cells. Thus, although very similar in
length, they are not miscible in the crystalline phase and thus do not form isomor-
phous structures. The glass transition temperature in these random copolymers
increases according to the Fox rule.6
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3.2.3.2 Copolyesteramides

Another important type of condensation polymer are the linear polyesters, such
as poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT).
Copolymers of polyesters and PA have been studied in detail, and it has been
shown that random copolyesteramides have a low structural order and a low
melting temperature. This is even the case for structurally similar systems such as
when the group between the ester unit is the same as that between the amide unit,
as in caprolactam–caprolactone copolymers (Fig. 3.10).22 Esters and amide units
have different cell structures and the structures are not therefore isomorphous.
If block copolymers are formed of ester and amide segments, then two melting
temperatures are present.

Alternating ester–amide copolymers behave differently. These copolymers
have one Tg and one Tm and can crystallize quickly. Typical examples of these are
the 4NT6 polymers in (3.6), the properties of which compare well with PA-6,6
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Figure 3.10 Melting temperatures of caprolactam–caprolactone random copolymers as
function of molar composition.22
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and PET (Fig. 3.11):

( )n6)( CH2 CH2OO )( NN

H H

C C

O O

C C

O O

4 (3.6)

An unusual alternating copolyesteramide is 4NT5,7, made with a penta-
diol–heptadiol mixture. Although the mixture of uneven diols in this copolymer
is expected to drastically lower the crystallinity, the polymer crystallizes quickly,
has a high modulus in the Tg –Tm region and, rather surprisingly, is transparent.
In this polymer the spherulites must be so small or imperfect that they do not
scatter light.

Another ordered polyesteramide is polyester containing a small amount of
diamides (amide units of uniform length):

94
)( 4( )n)( CH2 OO )( CH2 NN

H H

C C

O O

C C

O O

(3.7)

The diamide unit acts as a nucleation initiator for the polyester segments.24 The
presence of these diamide units at low concentrations results in an increased crys-
tallization temperature. With increasing diamide concentrations in the polyester,
the Tg and Tm also increase.

3.2.3.3 Copolyetheramide, Thermoplastic Elastomers (TPEs)

Copolymers can also be made with other polymers. Typically these are the
block copolymers with polyether segments in (3.8) which have thermoplastic
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elastomeric properties:

x)10( )CH2 C

O

C

O

N

H
10CH2 )( C

O

(( )m4CH2 OO )(( )n (3.8)

The PA blocks used are often made of PA-11 and PA-6. One difficulty with
using these copolymers is that the ether and amide blocks are often incompat-
ible, resulting in melt phasing taking place during the polymerization. If melt
phasing takes place, then attaining a high-molecular-weight polymer is more
difficult and the copolymer has many transitions. Melt phasing can be avoided
by reducing the segment length. However, at a small polyether segment length
the materials do not have a very low Tg and low modulus above the Tg. In
addition, if the amide segment length is reduced, then the melting temperature,
crystallinity, and crystallization rates are lowered. A good combination of prop-
erties can be obtained by using high-melting diamide units, which are small
segments of uniform length25,26:

)m( ( 4CH2O O)( )n C C

O O

C C

O O

N

H

R

H

N (3.9)

By using diamide units, melt phasing can be avoided and at the same time
the crystallization rate is rapid. Surprisingly, these segmented copolymers with
diamide units not only crystallize quickly but also have a high fracture strain
(>1500%) and good elasticity.

3.2.4 Applications

3.2.4.1 Fibers

The PAs were first produced for fiber applications. The PA melt is easily spinnable
due to the tension stiffening effect of the melt.27 PA fibers have a high strength,
good wear resistance, can easily be dyed, and are often used as carpet yarn
and technical fibers. The all-para wholly aromatic fibers are spun from a liquid
crystalline solution.7,14 The polymer chains can, in this way, easily be oriented
and the resulting fibers have a very high modulus and fracture strength. The
melting temperature of these materials is also quite high, allowing them to be
used in high-temperature applications. PAs with aromatic meta links also have
good fire resistance.

3.2.4.2 Engineering Plastics

The high strength, good wear resistance, high ductility, low melt viscosity, and
high crystallization rate makes PA the most important engineering plastic.11 – 13

The major drawback in this application is the effect of wetting. On wetting,
the modulus is lowered and the material swells a few percent; the dimensional
stability can be improved by filling the material with glass fibers or particles
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Figure 3.12 Influence of fillers on modulus–temperature relationship: a, PA-6 neat; b,
30 wt % mineral; c, 15 wt % glass fibers; d, 30 wt % glass fibers; e, 50 wt % glass fibers.17

(Fig. 3.12).11,12,17 In this way, a material with a higher modulus, higher strength,
and less swelling is obtained and the maximum-use temperature is consider-
ably increased.

If high impact resistance is required, the PA can be modified with rubber
particles.11,15 The blends are usually made by reactive compounding from maleic-
anhydride-modified rubbers, such as, EPDM, EPR, polybutadiene, or SEBS.
Partial amorphous PA with a high Tg combines to give a high dimensional stability
and good solvent resistance with transparency.

3.2.4.3 Reaction-in-Mold Nylon

In water-free conditions, lactam can polymerize anionically using alkali metals
such as sodium.10,12 This anionic polymerization is rapid and can be carried out
well below the melting temperature of the polymer, and the molecular weights
obtained can be very high. This rapid polymerization allows the reaction to be
carried out during processing with the “reaction in mold” (RIM) technique. In
the RIM system, polyethers are often added resulting in an ether–amide block
copolymer with a very high ductility. The anionic polymerization can also be
used for casting thick-walled, large-size products.

3.3 OVERVIEW OF CHEMISTRY AND ANALYTICAL TECHNIQUES

PA belongs to the group of condensation polymers about which many excellent
reviews have been written about.4 – 13 The PA (AB)n can be synthesized from
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cyclic amides (lactams) by the initiation step in (3.10) followed by the addition
process in (3.11) and the condensation step in (3.12):

H2N
C

O

OH+ H2O
N H

C O

(CH2)x

(3.10)

NH2 + N H

C O

(CH2)x

N C CH2 NH2

H

O

( )
x (3.11)

NH2 C

O

HO+ N C

H

O

n H2O+

(3.12)

It is also possible to prepare them from amino acids by the self-condensation
reaction (3.12). The PAs (AABB)n can be prepared from diamines and diacids
by hydrolytic polymerization [see (3.12)]. The polyamides can also be prepared
from other starting materials, such as esters, acid chlorides, isocyanates, silylated
amines, and nitrils. The reactive acid chlorides are employed in the synthesis of
wholly aromatic polyamides, such as poly(p-phenyleneterephthalamide) in (3.4).
The molecular weight distribution (Mw/Mn) of these polymers follows the clas-
sical theory of molecular weight distribution and is nearly always in the region
of 2. In some cases, such as PA-6,6, chain branching can take place and then the
Mw/Mn ratio is higher.

3.3.1 Chemistry and Catalysis

3.3.1.1 Hydrolytic Process

The main polymerization method is by hydrolytic polymerization or a
combination of ring opening as in (3.11) and hydrolytic polymerization as in
(3.12).5,7,9,11,28 The reaction of a carboxylic group with an amino group can
be noncatalyzed and acid catalyzed. This is illustrated in the reaction scheme
shown in Fig. 3.13. The kinetics of the hydrolytic polyamidation-type reaction
has the form shown in (3.13). In aqueous solutions, the polycondensation can be
described by second-order kinetics.29 Equation (3.13) can also be expressed as
(3.14) in which B is the temperature-independent equilibrium constant and �Ha

the enthalpy change of the reaction5,6,8,12,28,29:

−d[−CO2H]

dt
= k[−CO2H][−NH2] − K

[−CONH−][H2O]
(3.13)

[−CONH−][H2O]

[−CO2H][−NH2]
= K = B exp

−�Ha

RT
(3.14)
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The equilibrium constant K (also called KIII in the synthesis of PA-6) has
also been found to be independent of the water concentration. Giori and Hayes30

found that with up to 0.5 mol water per kilogram of reaction mass (0.9 wt %), K
increases linearly with water content (Fig. 3.14). At water concentrations higher
than 1 mol · kg−1 (1.8 wt %), K decreases again. At very high water concentra-
tions, K seems to be independent of water content.

With increasing water content, the dielectric constant of the medium and the
degree of endgroup ionization will increase.30 This is likely to influence the end-
group activity coefficients, depending on whether the polycondenzation reaction
involves the condensation of predominantly neutral or ionized species.

If the equilibrium constant is calculated with activity constants derived from
Raoul’s law instead of concentrations, thenK is virtually independent of the water
concentration.30 The reported values of �Ha for hydrolytic polyamidation are in
the order of 25–29 kJ · mol−1.29 This means that on decreasing the temperature
at a constant water concentration, the equilibrium molecular weight shifts to a
higher value.
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Figure 3.14 Equilibrium constant K for polyamidations reaction (3.13) as function of
water content at different temperatures: (×) 240◦C; (◦) 260◦C.29

Others have presented the kinetics of polyamidation differently. At high water
concentrations (5–10 mol · kg−1), a second-order reaction is given with an acti-
vation energy of approximately 86 kJ · mol−1.5,6,12,28 At low water concentrations
in the final stages of the polymerization, a mixed uncatalyzed second-order reac-
tion and an acid-catalyzed third-order reaction are observed. The rate constant k
in (3.13) can then be written as

k = k′ + [−COOH]K ′′ (3.15)

The calculated activation energy is now 96 kJ · mol−1 for the uncatalyzed second-
order reaction and 88 kJ · mol−1 for the third-order reaction. From hydrolysis
data using very low water concentrations (0.005–0.1 mol · kg−1), the reaction
was found to be second order but exhibited a dependence on water concentration
in the rate constants (Fig. 3.14). With 1.1 mol · kg−1 water, a combination of
second- and third-order reactions was observed with activation energies of 109
and 63 kJ · mol−1, respectively.8

By removing the water, the reaction equilibrium in (3.12) is shifted to higher
molecular weights. However, synthesis under high vacuum (anhydrous) condi-
tions and high temperatures was found to result in colored polymers, and in the
case of PA-6,6 also led to branched (gelled) materials.8,28 Under these conditions,
significant degradation reactions take place. The color formation under anhydrous
conditions is a result of the formation of Schiff base structures6:

N C CH2 C N

H

O

O

H

( )4

N

CO2N C

O

O

H H2N
+

+

(3.16)
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The branching of the polymer is the result of the dimerization of hexamethy-
lene diamine to a tri functional amine6,28:

N

H

+ NH3NH2 H2N+

(3.17)

In the polymerization of PA-4,6, a side reaction is the cyclization of the
diaminobutane endgroup2,32:

CH2NC

H

O

CH2 CH2 CH2 NH2 C N

O

NH3+ (3.18)

The diaminobutane as endgroup is more susceptible to cyclization than as free
diamine or as diamide.

3.3.1.2 Ring-Opening Polymerization

Starting with the cyclic lactams, by the hydrolytic polymerization method, three
steps can be observed:

• the ring opening to amino acids as in (3.10),
• the lactam addition to prepolymers as in (3.11), and
• the hydrolytic polymerization of the prepolymers as in (3.12).

The concentration of the lactam in the final product is determined by (3.11). Cyclic
dimers can also form, and these also take part in the polymerization12; the reactions
are acid catalyzed. The kinetics of this ring-opening polymerization with the three
reactions in (3.10)–(3.12) is complex. The reaction rate constants and equilibrium
constants have been described by several authors,5,6,8,12,28 and more pragmatic
approaches for describing the reaction kinetics have also been given.28,31,33

The polymerization of PA is carried out between 220 and 280◦C, and water
is added to initiate the ring-opening reaction. The effect of the water content
on the degree of polymerization at equilibrium is given in Fig. 3.15. At a high
water content, the degree of polymerization is low but the rate of ring opening
(initiation) is high. At low temperatures, the degree of polymerization is higher
but the rate of polymerization is lower. Thus, initially, one wants to have a
high water content at a high temperature and, later, a low water content at a
somewhat lower temperature. For a high water content at high temperatures, the
ring-opening step has to be carried out under pressure. The ring opening with
water to aminocaprolic acid is, at atmospheric pressure, slow. One can avoid
this ring-opening step by starting the lactam reaction with aminocaprolic acid
whereby the overall reaction rate increases (Fig. 3.16).28 Various catalysts have
been recommended; however, in practice, PA-6 is normally produced without a
catalyst. In the case where a very high molecular weight is aimed for, phosphoric
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TABLE 3.2 Amino Acid Polymersa

Polymer Tm
b Usedc

Amino Acid
Tm Pka1 Pka2

Lactam
Tm

Equilibrium Lactam
Concentration at

280◦C

PA-2 >350 −C — 2.43 9.76 — —
PA-3 ∼340 −C 320–340 3.60 10.36 74–76 —
PA-4 278 −C 198 4.23 10.43 127–130 100
PA-5 298 −C 162–163 4.27 10.77 — 15
PA-6 232 + 208 4.37 10.8 68–71 10
PA-7 237 + 196 — — ∼30 3
PA-8 211 − 192 — — — 2.5
PA-9 209 − 191–192 — — — 1.5
PA-10 192 − 188 — — — 0.8
PA-11 190 + 190–192 — — — 1.2
PA-12 187 + 184 — — 150–153 0.7
3-Aminobenzoic − 178 3.07 9.27

acid
4-Aminobenzoic − 187 2.30 9.36

acid

a From ref. 10.
bPerfect crystalline structure.
cUsed on a large scale: (−), no; (+), yes; C, easy cyclization.

acid is sometimes used; however, this is at the cost of polymer quality.28 For
the lower −(AB)n−PA the ring stability of the lactam is unfavorable for melt
polymerization (Table 3.2).5,6,12,28 The equilibrium lactam concentrations of the
seven-membered lactam ring and the larger rings are relatively low, so that melt
polymerization and melt processing are possible.

3.3.1.3 Acid Chloride Method

PAs can also be prepared with acid chlorides:

+ + 2 HClH2N R1 NH2 )n( R1 NN C

H

O

R2

H

C

O

C

O

Cl R2 C

O

Cl

(3.19)

Acid chlorides are very reactive and have as a condensation product hydrochloric
acid.4,7,9 This hydrochloric acid can form an amine salt with unreacted amine
groups, which should be avoided. To prevent this happening, acid binders, which
are more reactive than the amines, are added. Polyamidation can be carried out
using a solution and with an interfacial method. With the interfacial method one
has the choice between a stirred and an unstirred process. In an unstirred process,
the polymerization is at the interface and a rope can be drawn from the interface,
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Figure 3.17 Setup for interfacial polymerization with pulling a rope.34

which is spectacular to view (Fig. 3.17).4,6,34 In the stirred process, the interface
is much larger and the production faster. Acid binders used in this interfacial
process are potassium hydroxide, sodium hydroxide, and calcium oxide. With
the interfacial method, high-molecular-weight PA can be obtained with PA-6,10.
The shorter diamines and diacids have lower molecular weights (Table 3.3).4

The polymerization of aromatic diamines with acid chlorides in solution works
well.7,9,14,35 The basicity of the aromatic diamine is low and acid binding can be
achieved with several compounds and even solvents such as N-methylpyrrolidone
(NMP) and dimethylacetamide (DMAc). The all-para aromatic amide poly(p-
phenyleneterephthalamide) can be synthesized in DMAc.7,9,14 To prevent precip-
itation of the polymer, a salt such as calcium chloride or lithium chloride can be
added. It is also possible to react the acid chloride with a silylated diamine:

+N R1 NMe3Si

H

SiMe3

H

+
2 Me3SiCl

)n( R1 NN C

H

O

R2

H

C

O

C

O

Cl R2 C

O

Cl

(3.20)
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TABLE 3.3 Inherent Viscosities of Interfacial
Polymersa

Polyamide Inherent Viscosityb

PA-2,10 1.2
PA-4,10 1.0
PA-6,10 2.06
PA-10,10 0.51
PA-m-phenylene,10 0.73
PA-p-phenylene,10 0.56
PA-6,2 0.56
PA-6,4 0.28
PA-6,6 1.07
PA-6,10 2.06
PA-6,I 0.81
PA-6,T 0.90

a From ref. 4.
b 1% solutions.

This reaction is simple and qualitative36,37; the diamine can be both an aromatic
and an aliphatic diamine. With this method, even star-shaped PAs have been
synthesized.37 Solution polymerization from acid chlorides and aliphatic diamines
is more difficult due to the strong basicity of the aliphatic amine groups. Acid
binders which have been used with aliphatic diamines are the tertiary amines with
high kb values; these include dimethylbenzylamine and diisopropylethylamine.4,38

3.3.1.4 Other Methods

PAs can also be prepared from diisocyanate and diacids:

+ R2C

O

HO C OH

O

R1 NCOOCN )n( R1 NN C

H

O

R2

H

C

O

+ 2 CO2

(3.21)

This reaction is relatively fast but can have side reactions, as the isocyanate group
can also react with an amide group. Esteramide copolymers are prepared from
polyesters with acid endgroups and a diisocyanate.39

Polyamides can also be prepared from diesters and diamines:

+ + 2 R3OHH2N R1 NH2 )n( R1 NN C

H

O

R2

H

C

O

C

O

R3O R2 C

O

OR3

)n( R1 NN C

R3

O

R2

H

C

O

(3.22)

(3.23)
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This reaction is rapid and can, under anhydrous conditions, be carried out at
mild temperatures (60–120◦C). The type of leaving group has a strong effect on
attainable molecular weights. The polyamide melt synthesis with dimethyl tereph-
thalate has however not been so successful, because N-methylation takes place
at high temperatures. This N-methylation is due to the methyl ester alkylation
of the amines and not due to the presence of methanol.28,40 This N-methylation
reaction is significant at temperatures over 200◦C. With other esters, N-alkylation
takes place to a much lower extent.

PAs can also be formed from dinitriles and diamines in the presence of water18:

+ + 2 NH3H2N R1 NH2 )n( R1 NN C

H

O

R2

H

C

O

R2 CNNC + 2 H2O

(3.24)

The reaction proceeds via the hydrolysis of nitrile groups to an amide. The
amides may also be N-formyl amines, which react with acid groups whereby
volatile formic acid is stripped10:

+H2N R1 NH2

+
2 HCOOH

)n( R1 NN C

H

O

R2

H

C

O

CO R2C

O

H

O

C

O

O C

O

H

(3.25)

3.3.1.5 Transamidation

Next to direct polymerization reactions, interchange reactions between two amide
groups can also take place.37 The effect of the transamidation depends on whether
two PAs are mixed or if a PA of two different molecular weights is mixed in
the melt. If two types of amides are mixed for 3 min at 260◦C, 5% of the amide
groups undergo amide–amide interchange [as measured by nuclear magnetic
resonance (NMR)] and a block copolymer is formed. By allowing the reaction
to proceed for 120 min, a completely random copolyamide is formed. When
polyamides of differing molecular weights are mixed, the initial bimodal dis-
tribution changes in 3 min at 260◦C to a single distribution of almost normal
width. The amide–amide interchange reaction is acid catalyzed. Interchange also
takes place by reacting an amine with an amide forming a new amide and amine.
Therefore, two PAs with amine endgroups can react together to form a larger PA
and a diamine, and the latter can be stripped if sufficiently volatile:

NC

H

O

(CH2)x NH2 CN(CH2)xH2N

H

O

+ C N (CH2)x N C

O

H

H

O

(CH2)x NH2H2N

+

(3.26)
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3.3.1.6 Solid-State Polymerization

High-molecular-weight polymers can easily be obtained by solid-state polymer-
ization carried out just below the melting temperature of the polymer.2,5,6,8,28,41,42

In solid-state polymerization

• stripping of water from small granules is easy,
• thermal degradation is limited as the reaction temperatures are relatively

low, and
• equilibrium molecular weights are higher than in the melt.

The higher equilibrium molecular weights in solid-state polymerization are due
to the lower reaction temperature and the higher chain-end concentration in the
amorphous phase. The endgroups are situated in the amorphous phase and part
of the chain segments are in the crystalline phase. This means that due to the
crystalline phase, the effective endgroup concentration in the amorphous phase
is higher in the solid state than in the melt.5,43 Another observed effect is that
the mobility of the chain ends is limited by the crystalline phase.42 It was found
that it was more difficult to obtain a high-molecular-weight polymer from a low-
molecular-weight starting material unless the polymer was remelted in the course
of the process. With remelting, randomization of the chain ends can take place
and a higher molecular weight material can be obtained.

The starting materials for solid-state polymerization can be monomers (PA
salts), prepolymers, and polymers.6 Solid-state polymerization is carried out on
granules at 10–40◦C below their melting temperature for 24 h; the size of the
granules seems to have little effect on the reaction rate. Solid-state polymeriza-
tion can be carried out in a high vacuum with a nitrogen sweep; however, at
high temperatures (T > 220◦C), in the absence of water, the polymer becomes
colored.2 The use of superheated steam prevents granules from turning yellow,
and the steam does not seem to reduce the reaction rate. In the solid state,
postcondensation phosphoric acid compounds were found to have a catalytic
effect.12,28,42

3.3.2 Experimental Methods

The main method of PA synthesis is by melt polymerization. The polymerization
of PA-6,6 occurs in two stages, a prepolymerization of the PA salt at elevated
pressures followed by a melt polymerization at atmospheric pressure. The pre-
polymerization stage requires an autoclave, preferably with a glass insert. The
glass insert allows easy extraction of the polymer. PA-6 polymerization is simple;
it can be carried out at atmospheric pressure, and the evaporating water stirs the
reaction medium.

At atmospheric or reduced pressure, a melt polymerization on a small scale
(25–100 g) can easily be carried out using straight-wall flange flasks (250 mL)
(Fig. 3.18a). The straight wall often allows the extraction of the polymer from
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Figure 3.18 Laboratory melt polymerization setup: (a) 250 mL; (b) 50-mL reactor in
either oil bath or heating block.

the flask without breaking it. Flange flasks on the market are made of glass
and stainless steel and are sealed by a fluoro rubber ring. The top of the flange
flask is comprised of glass and can be three or four necked; for the stirrer, there
is the nitrogen inlet, the condenser/nitrogen outlet, and an opening for adding
reactants. The stirrer is preferably mechanical with a magnetic coupling. For
small quantities (5–15 g) a wide-bore test tube (50 mL) which has been fitted
with a three- or four-neck setup can be used (Fig. 3.18b). A good heating medium
is a silicon–oil bath containing special grade high-temperature oil suitable for
temperatures up to 250◦C (Fig. 3.18a), in which the temperature is controlled by
a thermocouple and an electronic controller. To prevent degradation of the oil,
the bath is partially enclosed with a glass lid and a stream of nitrogen is fed over
the oil. As the silicon oil expands considerably on warming, the bath should not
be filled too high. At higher temperatures, sand or salt baths should be used. It
is also possible to use a heating block (Fig. 3.18b).

For very high melting polymers (Tm > 300◦C), a solution polymerization is
normally employed. If this is started from the reactive acid chloride, the reaction
temperature can be low. Polymers from acid chlorides can also be prepared by
the interfacial method. Semicrystalline PA can be postcondensed in the solid state
to higher molecular weights. To do this, the polymer powder/particles are heated
for many hours below their melting temperature in an inert atmosphere.

3.3.3 Characterization

Using IR spectroscopy and NMR, one can analyze the chemical structure of
PA. The molecular weight and molecular weight distribution can be analyzed by
endgroup analysis, viscometry, and high-pressure liquid chromatography (HPLC).
The crystalline order can be analyzed by WAXS, small-angle X-ray spectroscopy
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(SAXS), IR spectroscopy, NMR, transmission electron microscopy (TEM), or
atomic force microscopy (AFM) and the thermal transitions by DSC and DMA.

3.3.3.1 Solubility of PA44,45

Due to their strong hydrogen bonding and high crystallinity, PAs have a high
degree of solvent resistance and are thus difficult to dissolve. Organic solvents
used to dissolve PA include formic acid, m-cresol, phenol–water mixtures, benzyl
alcohol (at elevated temperatures), hexafluroisopropanol, trifluoroethanol, trifluo-
roacetic acid, trifluoroacetic acid anhydride, and aprotic solvents such as DMAc,
dimethylformamide (DMF), and NMP containing lithium chloride or calcium
chloride. Inorganic solvents include concentrated sulfuric acid and phospho-
ric acid.

3.3.3.2 Molecular Weight Determination

The molecular weights of PAs are often not very high (Mn > 20,000); in this
range Mn can be determined by endgroup analysis or, less frequently, by osmom-
etry, Mw can be determined by light scattering. Both Mn and Mw can indirectly
be determined by HPLC.

3.3.3.3 Endgroups45

Polyamides are mostly linear polymers having reactive amine and/or acid end-
groups, unless the polymer chains are capped with monofunctional groups. Mono-
functional groups (such as benzoic acid) can be added to control the molecular
weight or can be produced as reaction by-products, such as Pyrrolidine, in the
synthesis of PA-4,6 in (3.18). Amine endgroups can potentiometrically be titrated
in phenol–water solutions46 while carbonyl endgroups can be titrated in a 1%
solution in benzyl alcohol.47

Other endgroups can indirectly be quantified by first hydrolyzing the poly-
mer in diluted chloric acid solution and then determining the composition of
the compound by HPLC, reverse-phase chromatography, or gas chromatogra-
phy (GC).45,48

3.3.3.4 Light Scattering45

For the determination of the molecular weight (Mw) by light scattering, the
number of solvent systems is limited. The refractive index difference should be
at least 0.1 and the solvent should not have an electrolytic effect. Useful solvents
include formic acid containing KCl salt and fluorinated alcohols.

3.3.3.5 Viscometry11,12,45,48

Aliphatic PAs dissolve well in m-cresol, formic acid (85–90%), and concentrated
sulfuric acid (96–98%). Industry usually determines the relative viscosity (ηrel)

of a 1% solution in concentrated sulfuric acid. The inherent viscosity (ηinh) is
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often used, as this value is relatively independent of concentration. Intrinsic vis-
cosities [η] are sometimes determined and correlations with the molecular weight
are made.

3.3.3.6 High-Performance Liquid Chromatography48,49

The molecular weight and molecular weight distribution can be studied by HPLC.
For obtaining accurate molecular weights, calibration is required. The HPLC
analysis of PA can be achieved in a solution of m-cresol; however, as the vis-
cosity of m-cresol is high, the analysis is carried out at elevated temperatures.
Other powerful solvents for HPLC analysis are hexafluroisopropanol and triflu-
oroethanol. A technique typical for PA is acetylating the amide hydrogen with
trifluoroacetic acid anhydride.49 In this way the hydrogen bonds are broken and
the modified PA dissolves readily in many suitable solvents for HPLC, such as
tetrahydrofuran (THF).

3.3.3.7 Structure Analysis

3.3.3.7.1 Nuclear Magnetic Resonance

Using proton NMR of solutions, the composition of polymers can be analyzed.47

Carbon-13 NMR spectroscopy is a useful tool for studying the sequence length of
segments in copolymers and thereby determining the blockiness of the copolymer.
With solid-state NMR, the mobility of chain segments can be studied and the
crystallinity determined.

3.3.3.7.2 Infrared Spectroscopy

Infrared spectroscopy can be used to study the structure of PAs and, in particu-
lar, their hydrogen bonding. It can best be studied on a 30-µm film preferably
obtained from the melt or from solution. An easy method is to take a KBr disc,
place on top of that a drop of a PA solution, and evaporate the solvent. The amide
group has several specific bonds; the 3300-cm−1 band is the N−H stretch and is
sensitive to hydrogen bond interactions. In non-H-bonded conditions (dilute solu-
tions), it is at 3450 cm−1; the stronger the H bond, the lower the value. The amide
I band (carbonyl stretch) shifts from 1720 cm−1 for non-H-bonded conditions to
lower values with increasing H bonding and is usually found at 1640 cm−1. The
methylene sequence, which changes position on crystallization in the amorphous
phase, is at 1118 cm−1 and in the crystalline phase is at 836 cm−1.11

3.3.3.7.3 Differential Scanning Calorimetry

Thermal transitions can be studied by DSC. The crystallization transition is usu-
ally sharp with a good baseline. The melting transition is more complex and often
not a single transition (Fig. 3.19)48 as it depends on the thermal history of the
sample and the structural changes that can take place upon heating. In warming,
solid-state transitions can take place in the unit cell, the lamellae can thicken,
and secondary crystallization can also take place. The heats of crystallization and
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Figure 3.19 DSC trace of PAs: a, PA-6; b, PA-6,6; c, PA-6/PA-6,6 mixture.48

fusion are a measure of crystallinity. The glass transition temperature for PA does
often not give a good measurable change in Cp value.

3.3.3.7.4 Dynamic Mechanical Analysis

With DMA the effect of temperature on the modulus can be studied. By increasing
the temperature from −150 to 300◦C, one encounters several transitions in PA
(Fig. 3.1). There is a transition at about −120◦C, the γ -transition, which is due
to the mobilization of methylene units. There is also a transition at −30◦C, which
is present in wetted aliphatic PA; this is due to non-H-bonded amide units and is
termed the β-transition. At about 50◦C the glass transition (Tg) (α-transition) of
the aliphatic polyamides PA-6 and PA-6,6 occurs. At this transition, the modulus
is lowered considerably. For partially aromatic PA, the Tg occurs above 100◦C.
The last transition is the flow temperature, at which temperature the material
melts; the flow temperature and the melt temperature, as measured by DSC,
correspond well. The modulus is a measure of dimensional stability and increases
with crystallinity and filler content (Fig. 3.12).

3.3.3.7.5 X-Ray Diffraction

The order in PA can be studied by WAXS and SAXS. WAXS gives insights into
the unit cell structure, the crystallinity, the crystallite size (if not too large), and
the crystallite orientation. SAXS gives a more accurate measure of the lamella
thickness. In a temperature sweep, the changes in structure with temperature can
be followed.

3.3.3.7.6 Electron Microscopy

The lamella and spherulitic structures can be studied using electron microscopy.
The most informative technique is TEM, although a more recently developed
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technique is AFM. For TEM, three methods of staining are frequently reported:
osmium tetraoxide, ruthenium tetraoxide and phosphor tungsten acid.

3.4 SYNTHETIC METHODS

3.4.1 Introduction

Amides are formed by the reaction of an amine with an acid group [see (3.1)].
PAs can consist of either alternating diamines (AA) and diacids (BB) or
amino acids (AB). In order to obtain high-molecular-weight polymers, the
amine and acid functional groups must be present stoichiometrically. This
stoichiometry is inherently present in the amino acid AB-type monomers. In
−(AA–BB)n−polymers, the diamines and diacids have to be present in equal
amounts. PAs can be synthesized in the melt phase, in solution, or using an
interfacial method. If the aliphatic PA is thermally stable to above its melting
temperature, a melt synthesis method is almost exclusively used. Many PAs
have been studied, but only a handful are sufficiently thermally stable to be melt
synthesizable and melt processable. On an industrial scale, most PAs are prepared
in the melt phase. In order to obtain high molecular weights, the polymers are
postcondensed in the solid state. This occurs above the Tg of the polymer but
10–40◦C below its melting temperature. The reaction times vary from a few
hours to up to 24 h.

3.4.2 Aliphatic AA–BB-Type Polyamides

The polyamides −(AA–BB)n−can be prepared from diamines (AA) and diacids
(BB), for example, PA-4,6, PA-6,6, PA-6,10, and PA-6,12; possible starting
diamines and diacids are given in Table 3.4. The lower diamines readily cyclize
and the lower diacids decarboxylize. The polymers are formed by the equilibrium
condensation reaction (3.12) where the condensation product, usually water, has
to be removed. The smallest cyclic product (AA–BB) that can form is quite large
(x + y + 4), and thus the concentration of cyclic products in these polymers
will be small. These aliphatic AA–BB polymers are made in the melt phase,
starting with a watery solution of the diamine and the diacid. It is also possible
to synthesize these polymers from diacid chlorides in an organic solvent or by
using an interfacial method. Synthesis from a diamine and a diester has little been
reported. However, synthesis from dinitriles and diamines together with water has
recently been described [see (3.24)].15 For obtaining very high molecular weight
polymers, a postcondensation step is carried out in the melt phase in an extruder
or in the solid state.6,12,28

The diamine and the diacid form a PA salt that is soluble in water at elevated
temperatures. The polymerization from the PA salt solution occurs in two or three
stages. In the first stage a prepolymer is made. This step is carried out under pres-
sure to prevent the evaporation of the more volatile diamine. In the second stage,
a polymer is made in the melt phase at atmospheric or slightly reduced pressure.
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TABLE 3.4 Diamines and Diacidsa

Monomer nb Usedc Tm Tb PKa1 PKa2

Diamines

Hydrazine 0 −C 2.0 113.5 8.11 >12
1,2-Ethylene 2 −C 9.95 116.7 6.98 9.98
1,3-Propylene 3 −C −22.5 136.5 8.58 10.62
1,4-Tetramethylene 4 + 27 158 9.32 10.36
1,5-Pentamethylene 5 + 9 178 9.74 11.00
1,6-Hexamethylene 6 + 39 196 10.76 11.86
1,8-Octamethylene 8 − 53 122
1,10-Decamethylene 10 − 63
1,12-Dodecamethylene 12 + 70
1,4-Cyclohexylene — − 68–72
1,3-Phenylene — + 64 9.02 11.5
1,4-Phenylene — + 147 7.84 11.5
1,5-Naphthylene — − 197–190
1,8-Naphthylene — − 63–65

Carboxylic diacids

Ethanedioic (oxalic) 2 −D 189 1.46 4.4
Propanedioic (malonic) 3 −D 135 2.8 5.85
Butanedioic (succinic) 4 −D 185 4.17 5.64
Pentanedioic (glutaric) 5 −D 97.5 4.33 5.57
Hexanedioic (adipic) 6 + 151 4.43 5.52
Heptanedioic (pimelic) 7 + 105 4.47 5.52
Octanedioic (suberic) 8 − 142 4.52 5.52
Nonanedioic (azalic) 9 − 106 4.54 5.52
Decanedioic (sebacic) 10 − 134 4.55 5.52
Undecanedioic 11 − 111
Dodecanedioic 12 + 112
Phthalic — −C 191 3.0 5.40
Isophthalic — + 348 3.54 4.62
Terephthalic — + >300 3.54 4.46
1,4-Naphthalic — − >300
2,6-Naphthalic — − >300

a From ref. 28.
bNumber methylene units.
cUsed on a large scale: (−), no; (+), yes; C, easy cyclization.

At moderately high molecular weights, the reaction mass becomes highly viscous,
which limits heat transfer and evaporation of the condensation water. This high
viscosity limits further melt polymerization in the bulk. In the literature, the melt
polymerization stage is sometimes omitted and the prepolymers are condensed
to high molecular weights in the solid state.6,28,41 The polymerizations can easily
be carried out without a catalyst.
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The AA–BB polyamides are nearly always prepared using bulk polymerization
with a prepolymerization step at higher pressure, although not every laboratory
has the facility to carry out a polymerization in an autoclave. Nielinger50 has
reported bulk polymerization of PA-6,I from its salt solution at atmospheric
pressure (Example 11). This method may also be usable for other laboratory
polymerizations like PA-6,6.

3.4.2.1 PA-6,6

The most important AA–BB-type polymer is PA-6,6. It is a semicrystalline mate-
rial and has a high melting temperature (265◦C). PA-6,6 is prepared from 1,6
hexamethylenediamine and adipic acid (Eq. 3.27):

The diamine part has six methylene units and the diacid part four methylene
units and two acid carbon atoms. Thus, it has an even number of methylene units
in both the diamine and the diacid part, which gives the polymer chain regularity
so it is able to crystallize easily.

The polymer is industrially prepared using a melt — polymerization method
starting with a 50% watery solution of the diamide and the diacid5,6,8,28; this con-
centrated solution can be pumped and transported. Water can be omitted, but then
the PA salt must be isolated first. In methanol and ethanol the PA salt precipitates
in equal molar amine–acid amounts. In preparing the PA salt, the reactants are
also purified and a less volatile starting material is made. The dry salt is a good
starting material for synthesis on a small scale. In the polymer, the diamine and
the diacid should be present in equal amounts. However, hexamethylenediamine
is more volatile than adipic acid, and if care is not taken, an imbalance occurs
during the polymerization. The loss of the diamine can be limited by carrying
out the prepolymerization under pressure or in a closed system. A closed system
or an autoclave reaction limits the loss of the diamine and, at the same time, the
evaporation of water. Water dissolves not only the PA salt but also the prepolymer
and the polymer. The presence of water makes it possible to keep the reaction
mass molten well below the melting temperature of the (pre)polymer. The com-
plex situation is that water is not only a solvent for the PA prepolymer but also a
condensation product of the polymerization. Too much water will therefore limit
the attainable molecular weight. In the prepolymer, the diamine is bound and the
polymerization can then be continued at atmospheric pressure above the melting
temperature of the polymer. As the molecular weight increases, the viscosity of
the polymer melt also increases. In a tank reactor, stirring then becomes difficult,
resulting in a slower evaporation of the condensation product and a buildup of
heat at the reactor wall.

A logical step to overcome the difficulty of the evaporation of water seems to
be to apply a vacuum, as done in polyester synthesis. A vacuum has the effect of
increasing the molecular weight. However, under a vacuum at high temperatures
(T > 220◦C), degradation of the PA takes place.5,6,8,28 The degradation at reduced
pressure takes the form of branching of the polymer17 and, at the same time, color
formation.16
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A typical polymerization process as carried out on an industrial scale is given
in Fig. 3.20.5 An autoclave (about 4 m3) is charged with a concentrated PA salt
solution in water (50% at 50◦C). The autoclave is flushed with nitrogen and
heated to 210◦C while the pressure is allowed to increase to 18 bar. In this
heating step, the salt concentration is increased to 75%. At 210◦C, the reaction is
carried out for 60 min. In the second step, the temperature is slowly increased to
280◦C while maintaining the pressure at 18 bar. Subsequently, the reaction mass
is warmed to 290◦C and, at the same time, the pressure is lowered to atmospheric.
At 290◦C and at a slight pressure, the polymerization is continued for 1 h before
the polymer is discharged.

Continuous polymerization processes for PA-6,6 have been reported for over
30 years.5,6,28 Prepolymerization in tubular (Fig. 3.21) or baffled reactors is par-
ticularly well suited to continuous polymerization. The polymerization of pre-
polymers to high-molecular-weight materials in a continuous process is more
difficult to control as small differences is molecular weights result in large dif-
ferences in viscosities. Viscosity differences result in different hold-up times in
the reactor and thus nonhomogeneous products.

To reduce the chance of side reactions, such as the dimerization of the diamine
to ω,ω′-diaminodihexylamine in (3.17) and the degradation of adipic acid to
Schiff bases in (3.16), the precondensation can be carried out either for 30–60 min
below 250◦C or very rapidly (seconds) at 250–290◦C. In the (pre)polymerization
step, a concentrated PA salt solution is pumped into a set of heating tubes. These
tubes have several heating zones as their diameter gradually increases in size.5,6,28
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Figure 3.20 Typical autoclave cycle for batch polymerization of PA-6,6.5
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40−60% Aqueous salt solution
PUMP

Single-phase reactor
 (Filled pipe)
 200−235 °C
 250−350 psi
 15−30 min hold-up time

Two-phase reactor
 (boiling)
 270−290 °C
 250−350 psi
 15−30 min hold-up time

Steam separator
250−350 psi
270−290 °C

Heating
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Steam exhaust
Pressure-
reducing
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Atmospheric pressure
 280−290 °C
  ~1 h hold-up time

Figure 3.21 Early continuous PA-6,6 polymerization setup: (a) salt concentrator;
(b) vent; (c) pump; (d) flash tubes; (e) finisher.5

The process starts with a one-phase flow of a low-viscosity PA salt solution and
ends with a two-phase flow with the viscous PA melt along the tube wall and
steam through the middle. A stream separator and a finishing reactor are attached
to the polymerization tubes.

In a polymerization from a watery solution, the added water has to be removed
at some stage during the reaction. This evaporation uses a considerable amount
of energy and reaction time. An alternative method is to directly react the molten
diamine with the molten diacid.51 In this process, the mixing of the reactants
is critical; this mixing can be carried out using a static mixer. It has also been
proposed that polymerization can be started with molten diamine-rich and diacid-
rich streams.52 The advantage of using diamine-rich and diacid-rich streams is
that the reactants are less volatile and therefore the reaction pressure can be
lower. The metering also appears to be easier to control. On an industrial scale,
PA-6,6 is synthesized from a concentrated watery salt solution and on a small
scale from the dry PA salt.53,54
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Example 1. PA-66 from PA salt.

1a. Hexamethylenediamine-adipic acid salt 53 :
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− −

(3.27)

In a 500-mL Erlenmeyer flask, 29.2 g (0.2 mol) of adipic acid is dissolved in
250 mL of warm ethanol, and the solution is cooled to room temperature. A solu-
tion of 23.43 g (0.202 mol) of hexamethylenediamine in 50 mL of ethanol is added
to the adipic acid solution with gentle stirring (rinse the flask containing the
diamine with ethanol). The solution warms up by the exothermic reaction and
immediate precipitation of the salt takes place. The suspension is allowed to cool,
then filtered, washed with methanol, and air dried. The pH of a 1% solution of
the salt in water is measured and should be 7.6.

The relationship between the composition and pH is given in Fig. 3.22.

7.0 8.07.87.67.47.2

Salt solution pH

−30

−20

−10

0

10

20

A
m

in
e 

en
d 

ex
ce

ss
E

nd
 e

qu
iv

al
en

ts
 p

er
 1

06  
g 

sa
lt

Figure 3.22 The pH of PA-6,6 salt as function of excess amine group concentration.5
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1b. PA-6,6 polymerization from dry PA salt in a small autoclave. A 100-mL
autoclave with a glass insert is filled with 20 g of hexamethylenediamine–adipic
acid salt. The autoclave is closed and flushed with nitrogen by alternately evac-
uating with a vacuum pump and filling with nitrogen (four to five cycles). It is
then filled with nitrogen to a starting pressure of 5 bar. The autoclave is warmed
to 210◦C and kept at this temperature for 2 h, whereby the pressure increases to
about 14 bar. Subsequently, the autoclave is warmed to 280◦C over a period of
30 min while at the same time gradually lowering the pressure to atmospheric.
The polymerization is continued for 1 h at 290◦C at atmospheric pressure without
letting air in. After cooling the autoclave, the PA-6,6 is removed. The polymer can
be crushed into small particles. For this, the polymer is cooled in liquid nitrogen,
placed in a PE or polypropylene (PP) bag and crushed in a vice while still cold.

The polymer obtained is white, opaque, and tough and has a crystalline melting
temperature of 265◦C. The inherent viscosity (ηinh ) is 1.0–1.2 in 96% sulfuric acid
(1.0 % solution, 25◦C). In the past, prepolymers were prepared from dry PA salt
on a small scale in sealed heavy-walled glass tubes. As these heavy-walled tubes
are not safe to handle, they should no longer be used.

1c. Solid-state postcondensation of (pre)polymers. To increase the molecular
weight further, the polymer can be postcondensed in the solid state. The granular
(pre)polymer (10 g) is placed in a 100-mL flask. The flask is flushed with nitrogen
and placed in an oil bath. The oil bath is heated to 200◦C over a 1-h period
and maintained at this temperature for 24 h. The polymer obtained has an ηinh of
1.4–1.6 in 98% sulfuric acid.

An oven can be used instead of an oil bath. If the amount of polymer to be post-
condensed is large, a tumble dryer (rotavapor apparatus) or moving bed reactor
can be used.

3.4.2.2 PA-6,10 and PA-6,12

PA-6,10 is synthesized from 1,6-hexamethylenediamine and sebacic acid, and
PA-6,12 from 1,6-hexamethylenediamine and dodecanedioic acid. The melt syn-
thesis from their salts is very similar to PA-6,6 (see Example 1). These diacids
are less susceptible to thermal degradation.55 PA-6,10 can also be synthesized by
interfacial methods at room temperature starting with the very reactive sebacyl
dichloride.4,35 A demonstration experiment for interfacial polycondensation with-
out stirring can be carried out on PA-6,10. In this nice classroom experiment, a
polymer rope can be pulled from the polymerization interface.34

Example 2. PA-6,10 interfacially.34

2 Na2CO3+
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6

(3.28)
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In 50 mL of perchloroethylene is dissolved 1.5 mL of sebacyl chloride; 2.2 g of
hexamethylenediamine and 4.0 g of sodium carbonate are dissolved in 50 mL
water. The aqueous solution is placed carefully on the perchloroethylene solution
in a 200-mL tall-form beaker or similar vessel (Fig. 3.17). A film is immediately
formed at the interface. The film is grasped with tweezers and raised as a rope of
continuously forming polymer film. The rope is guided over two glass rods with a
1-mm drop. With this setup, speeds up of 5 m/min can be attained for 8 min.

The collapsed film should be thoroughly washed with water.

3.4.2.3 PA-4,6

PA-4,6 is synthesized from 1,4-tetramethylenediamine and adipic acid. Due to
its chain regularity and high amide content, PA-4,6 has a melting temperature of
290◦C. A melt synthesis without degradation is therefore difficult. The cycliza-
tion of the 1,4-tetramethylenediamine endgroup to a nonfunctional endgroup is
typical for PA-4,6 [see (3.18)]. A high pyrrolidine content limits the attainable
molecular weight.

A good method for making PA-4,6 is a two-step process involving prepoly-
merization of the nylon salt at 180–220◦C and 8–18 bar for 1–2 h followed by
postcondensation of the powder in the solid state at 220–260◦C.2 It has been
found that at these high reaction temperatures colorless products can be best
obtained by conducting the solid-state polymerization in an atmosphere of super-
heated steam. As 1,4-tetramethylenediamine has a low boiling temperature, some
diamine loss during the high-temperature polymerization is unavoidable, and this
has to be corrected for. A small excess of diamine does not seem to be a problem
due to transamidation where the excess diamine can be freed and removed, as
in (3.26).

The precondensation can be carried out continuously with the use of a tubular
reactor at a temperature of 290–310◦C.56 The tubular reactor is a 4-m-long coiled
pipe with a diameter of 4 mm which is heated at 300◦C. At the end of the pipe
is a valve which is regulated so that the pressure is 1.5 bar. The residence time
in the pipe is only seconds. The prepolymer obtained can be postcondensed in
the solid state to a high molecular weight.

Example 3. PA-4,6 from dry PA salt.2
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PA-4,6 salt is prepared from adipic acid and 1,4-tetramethylenediamine as describ-
ed for the PA-6,6 salt (Example 1a). PA-4,6 salt (20 g), 2 mL water, and 0.2 mL
1,4-tetramethylenediamine (2.1 mol % excess) are added to a 100-mL glass con-
tainer in an autoclave. The autoclave is flushed with nitrogen, closed, and given
a starting nitrogen pressure of 5 bar. The autoclave is heated over a period of
60 min to 180◦C and maintained at that temperature for 100 min, when the pres-
sure is increased to about 8 bar. The pressure is then gradually released, the
reaction mass cooled, and the material removed from the autoclave. The pre-
polymer is crushed into small particles (0.1–0.2 mm) (see Example 1b). This
prepolymer has a relative viscosity (ηrel ) of 1.3 as measured in 96% sulfuric acid
(1% solution at 25◦C).

The prepolymer is subjected to further condensation by heating for 4 h at 260◦C
while passing superheated steam at a pressure of 1 bar through the solid bed. The
white PA-4,6 obtained has a ηrel of 4.6 as measured in 96% sulfuric acid.

3.4.2.4 PA-10,2

Polymers containing oxalic acid can be prepared from their esters.57 With the
reactive esters the prepolymers can be synthesized at low temperatures. Poly-
merization of these prepolymers is possible at 270◦C.

Example 4. PA-10,2 from oxalic ester.57
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(3.30)

Dibutyloxalate (20.22 g, 0.10 mol) is added to a solution of 17.23 g (0.10 mol)
decamethylenediamine in 25 mL toluene (dried over sodium) in a 250-mL three-
necked flask equipped with stirrer, nitrogen inlet, and drying tube in a heating
block (Fig. 3.18a). The residual oxalate ester is quickly washed into the flask
with another portion of dry toluene. Heat is liberated and a white solid begins to
form within a very short period of time. Stirring is continued until the suspension
becomes too viscous (at this stage the ηinh is 0.15–0.25). Two hours after the initial
addition, the flask is heated to 270◦C. A current of nitrogen is continually passed
over the reaction mass and toluene and butanol are distilled off. The reaction
is continued for 1 h at 270◦C after which the polymer is permitted to cool. A
tough white polymer is obtained having an ηinh of 0.7–0.8 (0.5% solution in 96%
sulfuric acid) and a melting temperature of 240◦C.
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3.4.2.5 PA-4,2 from Oxalic Ester

PA-4,2 is an even–even PA with a very high melting temperature (390◦C).
It is prepared from an oxalic ester and 1,4-tetramethylenediamine in a two-
step procedure: a prepolymerization in solution and a polymerization of the
prepolymers in the solid state.

Example 5. PA-4,2 from oxalic ester.58
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(3.31)

To a dry-nitrogen-flushed 1-L flange flask fitted with a mechanical stirrer, a
nitrogen inlet, and a distilling head, 250 g phenol and 250 g trichlorobenzene
are added and warmed to 65◦C. To this solvent mixture, 22.44 g (0.255 mol)
tetramethylenediamine and 36.5 g (0.250 mol) diethylene oxalate are added. The
solution is warmed to 140◦C over 30 min and maintained at this temperature for
2 h. During the polymerization, ethanol is liberated and the initial homogeneous
solution gradually turns cloudy and viscous. The reaction mixture is then cooled to
80◦C and poured into a glass beaker with 2 L of petroleum ether. The precipitated
prepolymer is filtered, washed twice with diethyl ether, and dried in a vacuum
oven. The material has an ηinh of 0.16 in 96% sulfuric acid (0.5% solution, 25◦C).

Fifteen grams of this prepolymer powder in a wide-bore reaction tube
(Fig. 3.18b) which is flushed with nitrogen is placed in a heating block. The
heating block is warmed over a period of 1 h to 270◦C and maintained at this
temperature for 4 h, after which the reaction vessel is removed. The yellow
polymer obtained has an ηinh of 1.9. The polymer has a melting temperature of
391◦C, a heat of fusion of 148 J/g, a Tg dry at 120◦C, and a Tg wet at −15◦C.

3.4.3 Aliphatic AB-Type PAs

The AB polyamides are made from either ω-amino acids or cyclic lactams, deriva-
tives of the ω-amino acids (Table 3.1). In these polymers, the amino and acid
groups are inherently balanced and the polymer also contains one amino and one
acid endgroup. There are a number of different routes available for polymerizing
these AB-type polyamides:

• hydrolytic process, starting with amino acids;
• ring-opening polymerization of lactams, and
• anionic and cationic polymerizations.

If prepared from amino acids, the polymers are made in a condensation reaction
whereby water is split off:

CH2 C OH

O

H2N ( )
5 5

)( CH2 C

O

N(
n

) H2O+ (3.32)
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This is a typical equilibrium reaction, which proceeds relatively quickly. Next
to the water–polymer equilibrium, a ring-chain lactam–polymer equilibrium
also exists:
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5 5
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O

N

H

(
n
) (3.33)

The ω-amino acids are available at high purity but are generally more expen-
sive than their lactams and only suitable for the small-scale preparation of
polymers. As they are bulk polymerizations, the polymerization temperature is
preferably above the melting temperature of the polymer.

Another method is to start with lactams. The cyclic lactams have a lower melt-
ing temperature compared to ω-amino acids and are therefore more easily purified
and easier to handle. ε-Caprolactam has a melting temperature of 69◦C and can
be transported in the molten state in heated tanks. The energy consumption of the
lactam polymerization is also low as little water is added by the polymerization
process and therefore there is little to evaporate.

The melt polymerizations of PA-AB from PA-6 onward (PA-6 to PA-12) are
straightforward. The polymerization is an exothermic reaction, meaning that equi-
librium conditions for the lactam–polymer in (3.11) and condensation reaction
prepolymer–polymer in (3.12) are most favorable at low temperatures. The reac-
tion rates, however, are increased at higher temperatures. Very high molecular
weights can be obtained by including a postcondensation step in the solid state.
Of the lower PA (PA-2 to PA-5), the “ring-chain equilibrium” is unfavorable at
high temperatures and melt polymerization is not effective (Table 3.2). A rapid,
low-temperature polymerization method for lactams is anionic polymerization.
Anionic polymerization is also employed for PA-6 and PA-12 in cast PA and
RIM nylon.

The most important AB-type PA is PA-6, having six carbon atoms in the repeat
unit and therefore five methylene groups. In addition to PA 6, PA-11 and PA-12
are also commercially available. The synthesis of many AB-type PAs, PA-1 to
PA-22, have been studied,5,6,12,28 but the quality of the resultant polymers is
highly dependent on the purity of the starting materials.

3.4.3.1 Polyamide-6

On an industrial scale, PA-6 is synthesized from ε-caprolactam with water as
the initiator. The process is very simple if the reaction is carried out at atmo-
spheric pressure. The polymerization is carried out in a VK-reactor (Fig. 3.23),
which is a continuous reactor without a stirrer, with a residence time of 12–24 h
at temperatures of 260–280◦C.5,28 Molten lactam, initiator (water), and chain
terminator (acetic acid) are added at the top and the polymer is discharged at
the bottom to an extruder. In this extruder, other ingredients such as stabilizers,
whiteners, pigments, and reinforcing fillers are added. The extruded thread is
cooled in a water bath and granulated. The resultant PA-6 still contains 9–12%
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lactam, which can be largely extracted by hot water or methanol. For this type of
polymerization, there is a simple relationship between the solution viscosity as a
function of temperature (T ) and acetic acid chain stopper concentration (c)28:

ηrel = 0.02 · T − (2.37 + 1.6 · c) (3.34)

where ηrel is the viscosity in 96% sulfuric acid (1% solution, 25◦C) after extraction.
The initiation of the lactam polymerization with water is directly dependent

on the water concentration:
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5

(3.35)

At higher water concentrations (at higher pressure) (Fig. 3.24), the reaction is
considerably more rapid. The prepolymer obtained is further polymerized in
another reactor, which has a working pressure of 1 bar or less. The total reaction
time of the prepolymerization can be considerably shortened by processing it
in an autoclave.8,12,28 In a laboratory, PA-6 can be synthesized in several ways:
from ω-aminocaprolic acid, from lactam and ω-aminocaprolic acid, from lactam
and water, and anionically.

Example 6. PA-6 from ω-aminocaprolic acid in (3.32).59 To a wide-bore test
tube (Fig. 3.18b) with a volume of 50 mL fitted with a nitrogen inlet and an outlet
with a water-cooled condensing unit and distilled water, ω-aminocaprolic acid

Polymer

Caprolactam
Water

Water vapor

Zone 1
heating and
prepolymerization

Zone 2
polymerization

Figure 3.23 Conventional VK column reactor for PA-6 synthesis.31



176 POLYAMIDES

0 3 6 9 12 15 18 21 24

Residence time (h)

1.3

2.3

2.1

1.9

1.7

1.5
h

r

(i)
(ii)(iii)

Figure 3.24 Influence of PA-6 polymerization process on relative viscosity as function
of reaction time: (i) atmospheric in VK column; (ii) prepolymerization atmospheric fol-
lowed by water removal; (iii) prepolymerization at elevated pressure followed by water
removal.31

(20 g) is added. The condensation product, water, can be collected in a small
flask. The system is flushed with nitrogen for 10 min before the reaction is started
and the nitrogen flow rate during the reaction can be low. The flask is placed in a
silicon oil-heating bath at 220◦C. Once all of the ω-aminocaprolic acid is molten,
the temperature of the oil bath is raised to 250◦C. The polymerization is allowed
to take place for 4 h at 250◦C and atmospheric pressure under a slow nitrogen
bleed. Stirring of the reaction mass is not necessary as the condensation product,
water, forms gas bubbles which float to the surface.

The reaction mass is then taken from the oil bath and allowed to cool. The
polymer is extracted by breaking the glass flask in a towel and can then be crushed
into small particles. To do this, the polymer is cooled in liquid nitrogen, placed
in a PE or PP bag, and crushed in a vice while still cold.

The lactam and higher oligomers, which are formed during the polymerization,
can be extracted by boiling (refluxing) methanol (6 h), and the polymer is then
dried in a vacuum oven at 80◦C for 6 h. The resultant PA-6 has an ηinh of 0.8 as
measured in 85% formic acid (1% solution, 25◦C).

The progress of the reaction can be followed by measuring the amount of
water condensed. The water can be collected in a tube with calcium chloride
or alternatively collected in a small flask.59 The reaction can also be followed
by taking samples (∼0.5 g, with a spatula) at different intervals and analyzing
them. In this way, the change in solution viscosity (molecular weight) can be
determined as a measure of reaction progression.

3.4.3.2 PA-6 Hydrolytic Melt Polymerization of Caprolactam

Starting with caprolactam, an initiator is required for the hydrolytic melt poly-
merization; this can be any of the following: water, ω-amino acids, acids, diacids,
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amines, or diamines. The concentration of initiator required is at least one per
polymer chain — thus at least 0.5%. If acids, diacids, amines, or diamines are
used, then a higher initiator concentration limits the maximum molecular weight
obtainable. If water or ω-amino acids are used, then the amine–amide bal-
ance is not disturbed and higher concentrations are possible. A higher initiator
concentration allows the preparation of prepolymers, which can be further poly-
merized by the hydrolytic reaction. However, the water concentration at high
temperatures and atmospheric pressure is low and therefore the initiation is
slow. The polymerization with water is also slow, as the ω-amino acid must
be formed first (Fig. 3.16).28 For laboratory-scale experiments, a good initiator
is ω-aminocaprolic acid; the concentration of ω-amino acids can range between
1 and 10 wt %.

Example 7. PA-6 from ε-caprolactam and ω-aminocaprolic acid in (3.33). To
a wide-bore test tube (Fig. 3.18b) with a volume of 50 mL fitted with a nitrogen
inlet and an outlet with a water-cooled condensing unit and a water lock, 15 g of
ε-caprolactam and 1.5 g of ω-aminocaprolic acid are added. The system is flushed
with nitrogen for 10 min before the reaction is started and the nitrogen flow rate
during the reaction can be low. The flask is immersed in a silicon oil-heating bath
at 200◦C. When all of the ingredients are molten, the temperature of the oil bath
is raised to 250◦C and allowed to react for 5 h at this temperature. After cooling
the flask, the polymer is extracted as described above (see Example 1). The ηinh

is 0.8 as measured in 85% formic acid (1% solution, 25◦C).

If polymers with a molecular weight over 15,000 are required, then a post-
condensation step is needed. The postcondensation step is carried out at low
water concentrations in the melt or in the solid state. The typical solid-state
postcondensation conditions for PA-6 are given below.

3.4.3.3 PA-6 Solid-State Postcondensation

If a very high viscosity is required, the granulated polymer can be postcondensed
in the solid state at 160–190◦C for 4–24 h. The postcondensation step can be
done batchwise in large revolving reactors or can be carried out in a continuous
manner using tall moving-bed reactors. Surprisingly, the water concentration is
not critical to the rate of postcondensation. The method employed for PA-6 is
similar to that for PA-6,6 (Example 1c). As a result of a postcondensation step
for 24 h at 190◦C, the ηinh in 85% formic acid is increased from 0.8 to 1.35
(Mn = 18,000–35,000).

3.4.3.4 PA-6 by Anionic Polymerization of Lactam

The anionic polymerization of caprolactam is rapid and can be carried out below
the melting temperature of the PA. Care should be taken to work under anhy-
drous conditions.
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Example 8. PA-6 by anionic polymerization.60
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To a thoroughly dried (24 h in a oven at 80◦C) 50-mL flask 12.5 g (0.11 mol)
ε-caprolactam and 0.3 g (0.0125 mol) sodium hydride are added (Fig. 3.18b).
The flask is made oxygen free by alternating evacuation with a vacuum pump and
filling with nitrogen (three cycles). The flask is warmed to 80◦C in an oil bath to
melt the ε-caprolactam. The small amounts of water still present are reacted away
by sodium hydride resulting in the formation of hydrogen gas. After the evolution
of hydrogen gas has ceased, 0.33 g (0.002 mol) N -acetylcaprolactam is added.
The mixture is homogenized with a magnetic stirring device or by shaking the
flask and is then placed in an oil bath, which is heated to 140◦C. This temperature
is well below the melting temperature (Tm ∼ 218 ◦C). The reaction mass solidifies
quickly and can be cooled after 30 min. The reaction product can be worked up as
described above (see Example 1). The polymer has an ηinh of >1.5 as measured
in 85% formic acid (1% solution, 25◦C).

3.4.3.5 Lower PA

PA-3 can be prepared from β-propiolactam (2-azetidinone) either by thermally
initiated ring opening or by anionic polymerization.12 However, the melting
temperature (340◦C) is too high for melt synthesis and melt processing. The 3,3-
dimethyl-substituted PA-3 has a lower melting temperature (250◦C) and is melt
synthesizable and melt processable. PA-4 can be prepared from 2-pyrrolidone (γ -
butyrolactam). The polymer has a melting temperature of 265◦C but is thermally
unstable in the melt.

Example 9. PA-4 synthesis.61
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A 250-mL, three-necked, round-bottomed flask equipped with stirrer and
distillation head suitable for vacuum distillation is filled with 120 g of freshly
distilled 2-pyrrolidone. The reaction mass is heated under nitrogen to 80◦C.
Flake potassium hydroxide (3.4 g) is then added. The water formed is rapidly
distilled from the flask under 1 mbar pressure. The hot solution is then rapidly
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transferred to a 100-mL polyethylene bottle previously purged with nitrogen. While
the solution is still hot, 0.5 g of silicon tetrachloride is added. After 10 min and
at a temperature of about 50◦C, precipitation of the polymer starts. After 24 h
at room temperature, the mixture becomes very hard, the bottle may be cut open
to allow removal of the polymer, and it can be broken up using a hammer. After
cooling the lumps with liquid nitrogen, they can be transferred to a polyethylene
bag and crushed in a vice. The fine particles are then blended with 150 mL of water
containing 0.1% of formic acid in a high-speed blender. The powdered product
is filtered and washed on the filter with 150 mL of 0.1% formic acid solution,
followed by three washes with distilled water. It is finally washed with methanol
and dried. A white PA-4 (73 g) product is obtained which has an ηinh of 2.38 in
m-cresol (0.5% solution, 25◦C).

3.4.3.6 PA-5

PA-5 can be synthesized by the anionic ring-opening polymerization of
α-piperidone.12 First the catalyst, N -acetyl piperidone, is prepared. Then the
polymerization is performed anionically, well below its melting temperature.

3.4.3.7 Higher PA

The higher PA can all be prepared from either amino acids or lactams,12

depending on the availability of the starting material. PA-7 may be prepared
from either 7-aminoheptanoic acid or from the corresponding 7-heptanelactam
(ζ -enantholactam). The polymerization from 7-aminoheptanoic acid is a
hydrolytic polymerization similar to the polymerization from 6-aminohexanoic
acid (see Example 6). The polymerization temperature is 280◦C, which is
well above its melting temperature (230◦C).12 PA-11 is made from 11-
aminoundecanoic acid suspended in water.12,62,63 This hydrolytic polymerization
has three stages: the melting of the amino acid, the prepolymerization, and the
polymerization. In the first stage, most of the water is expelled from the system
and later the remainder is evaporated.

Example 10. PA-11 from 11-aminoundecanoic acid.63
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O
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10

(3.38)

To a 50-mL three-necked flask (Fig. 3.18b) equipped with a stirrer (comprised
of a stainless steel shaft and paddle), a head for the distillation of water, and
a nitrogen inlet is added 20 g of purified 11-aminoundecanoic acid. The flask is
then purged with nitrogen for 5 min. The flask is warmed in a silicon oil bath to
220◦C and maintained at this temperature for 10 h. After raising the stirrer from
the molten mass, the reaction is cooled under nitrogen and the resultant polymer
removed by breaking the glass. The Tm of the polymer is 185–190◦C and the ηinh

in m-cresol (0.5% at 35◦C) is 0.6–0.7.
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3.4.3.8 PA-12

In common with all the higher AB polyamides, PA-12 can be made from either
the amino acid or the lactam.12 In practice, PA-12 is made from the cheaper
12-laurolactam (12-dodecane lactam or ω-laurolactam). Water is less soluble in
laurolactam compared to caprolactam, and the initiation with water is slower.
For laboratory-scale synthesis it is advisable to start with the amino acid or a
combination of amino acid and lactam.

3.4.4 Partially Aromatic PAs

Partially aromatic PAs have a higher glass transition temperature and a higher
melting temperature than their aliphatic counterparts; thus these polymers have a
better dimensional stability.18 Due to the high Tg and the low water absorption as
a result of the presence of the aromatic unit, the effect of water on the properties
at room temperature is small. The barrier properties of partially aromatic PAs
are also better. However, despite all these favorable properties, their commercial
market is relatively small.

The partially aromatic PAs are exclusively made of the diamine–diacid type
and not the amine–acid type. The aromatic diamines, similar to phenylene
diamines, color easily and their polymers are conjugated, having a golden brown
color. The aromatic diacids used in the formation of partially aromatic PAs are
mainly terephthalic and isophthalic acids. Starting with the diacids, the PA salt is
made first and with this the salt prepolymers are prepared. The prepolymerization
is usually carried out in an autoclave to prevent the sublimation of the reactants.
In a laboratory synthesis it would be preferable to avoid this autoclave step
as one is not always available. It is possible to start with the more reactive
esters, such as diphenyl isophthalate, or with the acid chlorides; starting with the
reactive isocyanates is, in principle, also possible. The terephthalic and isophthalic
acids are also used to modify PA-6,6 and PA-4,6 to more dimensionally stable
copolymers.6,18

3.4.4.1 Diacid Method

In the diacid method, the PA salt is made first. A solution of this PA salt in
water can be used for the polymerization. In the temperature range where the
reaction rates are high, the diamines are volatile, and thus, it is preferable to
carry out the prepolymerization under pressure. The prepolymerization can be
carried out either at 220–250◦C for 1 h or at 280–320◦C in a matter of sec-
onds. In the latter case, the reaction is carried out in a small-diameter tubular
reactor.64 Although a prepolymerization under pressure is preferred, Nielinger28

has described a polymerization at atmospheric pressure at 210◦C, whereby the
loss in diamine is compensated for.
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Example 11. PA-6,I from PA salt51:
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PA-6,I salt is made by adding 33.2 g of isophthalic acid to a reaction vessel with
a reflux cooler filled with a 100-mL mixture of methanol and water (9 : 1). To this
suspension, which is under nitrogen, 23.2 g of hexamethylene diamine in 20 mL
of methanol is added slowly. The reaction mass is then allowed to cool whereby
the nylon salt crystallizes. The precipitated salt is filtered, washed with methanol,
and air dried.

To a 50-mL straight-wall three-necked flask (Fig. 3.18b) equipped with a mag-
netic stirrer, nitrogen inlet/outlet, and condenser unit in a heating block are added
11.29 g of nylon salt and 0.093 g of hexamethylene diamine (2 mol % excess). This
mixture is reacted for 2 h at 210◦C and 3 h at 270◦C. The resultant polymer is
colorless and transparent and has a ηrel of 2.54 (1% solution in m-cresol, 25◦C).

3.4.4.2 Diester Method

The reaction of a diamine with a diester under anhydrous conditions is reasonably
rapid. However, a side reaction at high temperatures (>200◦C) is N-substitution.
Unfortunately, this N-substitution is particularly strong with methyl esters,28,37,65

and therefore, methyl esters such as dimethyl terephthalate or dimethyl isoph-
thalate cannot be used for thermal polyamidations. Other esters, such as ethyl,
butyl, and phenyl ester, do not seem to have this problem.

Example 12. PA-6,I from diphenyl isophthalate.65 To a well-dried 50-mL
straight-wall three-necked flask with nitrogen inlet/outlet, condenser unit, and
magnetic stirrer in a heating block (Fig. 3.18b), 15.1 g of diphenyl isophthalate
and 6.15 g of 1,6-hexamethylene diamine are added. The mixture is heated to
190◦C over a 1-h period and to 253◦C over a further 40 min, a vacuum is then
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applied (1 mbar), and the mass warmed to 285◦C and reacted for 1 h at this
temperature. The resultant polymer has an ηinh of 0.83 as determined on a 1%
solution in a 40 : 60 tetrachloroethane–phenol mixture at 30◦C.
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3.4.4.3 Diacid Chloride Methods

Acid chlorides are very reactive and at room temperature react readily with
amines. Synthesis by interfacial and solution methods is possible. However, care
should be taken that the hydrochloric acid produced does not react with unreacted
amine groups. With the strong basic aliphatic diamines, the acid binder must
preferably be even more basic. The attainable molecular weights are strongly
dependent on the concentrations; this is particularly the case for easily precipi-
tated terephthalamide polymers. Possible problems with the acid binder can be
overcome by starting with silylated diamines.33,34 A typical example for interfa-
cial polymerization of terephthalamides is PA-2,T.66

Example 13. PA-2,T by interfacial polymerization.66
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To an 8-L beaker a solution of 3.78 g (0.630 mol) of ethylenediamine and
0.126 mol of potassium hydroxide in 4.5 L of distilled water are added and stirred
with a high-speed mixer. To this, 12.79 g (0.634 mol) of terephthaloyl chloride
dissolved in 1 L of methylene chloride (a safer solvent is THF) is added and
stirred for 10 min. The suspension is filtered and washed twice with methanol.
After drying, the polymer has an ηinh of 1.0 as measured in 96% sulfuric acid
(0.5% solution at 30◦C). The melting temperature of the polymer is 455◦C.
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The molecular weights obtained by a solution polymerization starting with
acid chlorides are highly dependent not only on the type of solvent but also on
the acid binder used. An example of a solution polymerization is given for the
high melting PA-4,T.

Example 14. PA-4,T by solution method.67
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+
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To terephthaloyl chloride (0.015 mol) in 100 mL of THF cooled to −15◦C, tetram-
ethylenediamine (0.015 mol) and diisopropylethylamine (0.030 mol) in 20 mL THF
are added while stirring vigorously. A suspension is formed directly. Stirring is
continued for 15 min, after which the precipitated polymer is filtered and washed
with boiling water. The resultant polymer has an ηinh of 0.39 in 96% sulfuric acid
(1% solution at 25◦C).

This polymer is postcondensed in the solid state. For this, 5 g of material is
placed in a glass flask which has been flushed with a stream of nitrogen. The
flask is placed in a tube oven at 290◦C and kept at that temperature for 1 h. The
resultant polymer now has an ηinh of 1.52. The polymer is highly crystalline and
has a melting temperature of 475◦C.

3.4.4.4 PA from Aromatic Diamines and Aliphatic Diacids

Morgan and Kwolek33 have described a large number of PA derived
from phenylenediamines and aliphatic diacids by low-temperature solution
polymerization starting with aliphatic diacid chlorides.

Example 15. PA from m-phenylenediamine and adipoyl chloride by solution
polymerization.2,32 To a well-dried 250-mL three-necked straight-wall flange
flask with nitrogen inlet/outlet, dropping funnel, and magnetic stirrer (Fig. 3.18b),
5.4 g (0.05 mol) of m-phenylenediamine and 37 mL of dimethylacetamide are
added. The solution is cooled by ice to about 10◦C and 7.35 mL (0.05 mol)
of adipoyl chloride is then added. The resulting mixture is stirred for 1 h at
approximately 10–15◦C. The polymer precipitates on the addition of water and is
washed several times with water and alcohol. After drying in a vacuum oven
at 80◦C for 8 h, the resultant polymer has an ηinh of 1.66 in m-cresol (1%
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solution at 25◦C).
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3.4.4.5 PAs from Diisocyanates

Diisocyanates are highly reactive and readily available compounds. The diiso-
cyanates and acids form amides with the liberation of carbon dioxide; side
reactions are possible as diisocyanates can also react with an amide group.

Example 16. Adipic acid and toluene diisocyanate.68
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To a well-dried 250-mL four-necked straight-wall flange flask with nitrogen inlet/
outlet, dropping funnel, and magnetic stirrer (Fig. 3.18a), 3.65 g (25 mmol) of
adipic acid and 75 ml of sulfolane are added at room temperature. The mixture is
then heated in an oil bath to 40◦C and the adipic acid dissolved. Aluminum chlo-
ride (915 mg, 6.87 mmol) and toluene diisocyanate (80% 2,4-isomer and 20%
2,6-isomer)(4.35 g, 25 mmol) are added. Carbon dioxide gas generation begins
immediately, while the temperature rises to about 45–50◦C. After 30 min the reac-
tion mixture is very viscous and appears muddy, while the generation of gas should
have virtually stopped. Subsequently, the reaction mass is heated for 1.5 h at 75◦C
and 1 h at 100◦C. Upon cooling, the reaction mass is poured into 500 mL of
methanol and a light yellow suspension is formed, which is filtered and washed
four times with methanol. After drying, 3.8 g of polymer is obtained (65% yield)
having an ηinh of 1.12 in m-cresol (1% solution at 25◦C).

3.4.5 Wholly Aromatic PAs

Wholly aromatic PAs have a high glass transition temperature (>200◦C) and, if
crystalline, a very high melting temperature (>500◦C). High-molecular-weight



SYNTHETIC METHODS 185

polymers cannot be prepared in the melt and melt processing is also not possible.
Their synthesis is usually carried out in solution, and due to the very low solu-
bility, special solvents are required to obtain high-molecular-weight polymers.
The first wholly aromatic PA on the market (1961) was a low-crystallinity
PA [poly(m-phenyleneisophthalamide)] [see (3.11)] based on isophthalic acid
and m-phenylene diamine. This polymer has excellent flame-resistant proper-
ties. Later the para-aromatic polyamide [poly(p-phenylene terephthalamide)] [see
(3.4)] based on terephthalic acid and p-phenylenediamine was introduced. This
polymer is highly crystalline and as a fiber has a high modulus and a high
strength.7,9,14 Many modifications of these aramides have been studied.7,9

With the solution polymerization method, high-molecular-weight aromatic PAs
are more easily obtained; however, the interfacial method can also be employed.
Since the reactivity of the aromatic acids toward the aromatic amines is low, the
very reactive-acid chloride system is generally employed. With acid chlorides
the condensation product is hydrochloric acid, which has to be bound so it does
not react with the aromatic diamine. In the solution method, the reaction takes
place principally in solution, but gelation by crystallization of the main chain
is allowed.7,9,14 For the solution polymerization of aromatic polyamides it is
advantageous to use aprotic polar amide solvents, such as DMAc, and NMP. DMF
and dimethyl sulfoxide (DMSO) are not suitable because they react with acid
chlorides. Hexamethylphosphoramide (HMPT) is a powerful solvent but should
not be used, as it has been shown to be carcinogenic in rats.9 The dissolving
power of the solvents can be increased by the addition of salts, such as lithium
chloride and calcium chloride. The amide solvents further serve as acid acceptors.
Although the amide solvents are weaker bases than the aromatic amines, they
are effective as their concentration is much higher. Calcium hydroxide may be
added to the amine solvent solution as this forms, with the hydrochloric acid, the
calcium chloride salt, which increases the solubility of the polymer. For high-
modulus fiber applications, very high molecular weight compounds are required.
There are several alternatives to the dichloride–diamine solution route.9 The
methods that give high molecular weights are polymerization from terephthalic
acid with phosphorylation and polymerization using N-silylated diamines and
diacid chlorides.

3.4.5.1 Poly(m-phenylene isophthalamide)

This polymer can be synthesized from m-phenylenediamine and isophthaloyl
chloride. It can be prepared by interfacial polymerization or solution
polymerization.4,7,9,14

Example 17. Poly(m-phenylene isophthalamide) in solution.14 To a well-dried
250-mL four-necked straight-wall flange flask with nitrogen inlet/outlet, drop-
ping funnel, and magnetic stirrer (Fig. 3.18a). 2.163 g of 1,3-phenylenediamine,
5.62 g of triethylamine, 5.506 g of triethylamine hydrochloride, and 36 mL of dry
chloroform are added. Isophthaloyl chloride (4.06 g) in 14 mL of chloroform is
then added through the dropping funnel over a 15-min period at 30◦C with slow
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stirring. An additional 3 mL of chloroform is used to rinse any residue from the
funnel. After 20 min, the reaction mixture, which is a clear, extremely viscous
solution, is poured into a large volume of petroleum ether yielding a fibrous pre-
cipitate. This is filtered and washed thoroughly with hot water. A 99% yield of the
polymer, having an ηinh of 1.9 in 96–98% sulfuric acid (1% solution at 30◦C),
is obtained.
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3.4.5.2 Poly(p-phenylene terephthalamide)

This polymer can be prepared from p-phenylenediamine and terephthaloyl chlo-
ride. The polymer is highly crystalline and, thus, difficult to keep in solution.
Sufficiently high molecular weight polymers can be obtained by solution poly-
merization using a special solvent system. This ridged rod polymer can form a
liquid crystalline solutions.7,9,14

Example 18. Poly(p-phenylene terephthalamide) from terephthaloyl
chloride.69
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Into a Waring blender with a 1-L mixing beaker with a cooled bottom connected
to a cryostat, 24 g of finely ground and dried calcium chloride suspended in
200 g of N -methyl pyrrolidone (12 wt % calcium chloride) is added. The calcium
chloride is partially present in the solid state. To this suspension, 7.3 g of pow-
dered p-phenylene diamine is added with stirring. The resulting mixture is cooled
to 0◦C. Subsequently, with continued cooling and vigorous stirring, 13.9 g of
terephthaloyl chloride is added rapidly. Stirring is continued for 30 min while the
temperature rises to about 30◦C. A crumbled mass is formed which contains 16 g
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of poly(p-phenylene terephthalamide) (8 wt %). A suspension of the polymer is
obtained by precipitation with water under vigorous stirring. Following filtration,
washing, and drying, a poly(p-phenylene terephthalamide) with an ηinh of 4.02 is
obtained, as measured in 98% sulfuric acid (1% solution, 25◦C).

3.4.5.3 Phosphorylation

This method involves the direct polycondensation of aromatic diamines with
aromatic diacids in the presence of an aryl phosphite (triphenyl phosphite) and
an organic base like pyridine.7,9,70,71 The addition of salts improves the solubility
of the polymer and, with this, the maximum attainable molecular weight.71 The
concentrations are, however, lower than by the dichloride method.

Example 19. Poly (p-phenylene terephthalamide) by phosphorylation.71
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To a well-dried, straight-wall three-necked flask fitted with nitrogen inlet/outlet,
magnetic stirrer, and condenser unit (Fig. 3.18b), 25 mL of NMP, 5 mL of
pyridine, 0.4154 g (0.0025 mol) of terephthalic acid, 0.2704 g (0.0025 mol) of
p-phenylene diamine, 1.70 g (0.0055 mol) of triphenyl phosphite, 1.5 g of CaCl2 ,
and 0.5 g of LiCl are added under inert gas (nitrogen or argon). Oxygen traces
in the above solvents are removed by several cycles of evacuation with a vacuum
pump and filling with argon (or nitrogen). All operations are carried out in a
dry box in an inert atmosphere in order to avoid humidity and air. The vessel is
placed in an oil bath heated to 115◦C. The reaction mixture becomes a clear gel
in 15–30 min. After 4 h, the reaction is stopped and the gel ground in a blender
in the presence of methanol. The polymer is then washed with boiling methanol
and dried in a vacuum oven for 18 h at 80◦C. The resultant polymer has an ηinh

of 9.0 as measured in 98% sulfuric acid (1% solution at 25◦C).

3.4.5.4 Silylated Diamines

Aromatic polyamides can be prepared by starting with acid chlorides and a
hydrogen chloride scavenger. Another way is to first silylate the diamine.33,34

On reaction of the silylated diamine with the acid chloride, the polyamide is
formed along with a silylchloride. In this way high-molecular-weight polymers
can be easily prepared. Star-branched polymers have also been prepared using
the silyl method34; an example is given for the synthesis of poly(p-phenylene
terephthalamide).
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Example 20. Poly(p-phenylene terephthalamide) by silylated diamines.33
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To a well-dried, straight-wall three-necked flask fitted with with nitrogen
inlet/outlet, magnetic stirrer, and condenser unit (Fig. 3.18b), 1.263 g (5 mmol)
of N ,N ′-bis(trimethylsilyl)-p-phenylenediamine and 1.33 g of lithium chloride
are dissolved in 25 mL of N -methyl-2-pyrrolidone (NMP) under inert gas. The
solution is brought to −15◦C using an ice–salt mixture, and 1.015 g (5 mmol) of
powdered terephthaloyl chloride is then added. The mixture is stirred at −10 to
−5◦C under nitrogen. The polymerization proceeds in this homogeneous solution
and becomes a gel after 6 h. The reaction mixture is worked up by agitating
with methanol. The polymer is collected by filtration, washed thoroughly with hot
methanol, and dried at 80◦C in vacuum. The resultant polymer has an ηinh of >4
as measured in 98% sulfuric acid (0.5% solution at 30◦C).

3.4.5.5 Poly(p-benzamide)

This fully aromatic amide, based on the amino acid p-aminobenzoic acid, can be
spontaneously synthesized from p-aminobenzoic chloride.7,9,72 To prevent this
occurring at an unwanted moment, the amine group is masked by forming the
hydrochloric acid salt with hydrochloric acid.

Example 21. Poly(p-benzamide) from acid chloride.72

+HCl.NH2 C Cl

O

N

N
HCl

+CN

H

O

( )n

.

(3.49)

In a 250-mL straight-wall three-necked flask equipped with a magnetic stirrer
and nitrogen inlet/outlet (Fig. 3.18a), 50 mL of dry hexane and 6.4 g of
4-aminobenzoyl chloride hydrochloride are added. Under a flow of dry nitrogen,
the stirred mixture is cooled in a pack of solid carbon dioxide. To the cooled
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solution, 10 mL of pyridine is added quickly. After 15 min the flask is allowed to
warm to room temperature and is reacted for 2 h. The polymer is collected by
filtration, washed thoroughly with water, and dried. The resultant polymer has an
ηinh of 3.7 in 98% sulfuric acid (1% solution at 25◦C).

3.4.6 Copolymers Containing Amide Units

PAs are made with relatively few starting materials; copolymers can also be
made from the same starting materials and have been extensively studied. Ran-
dom copolymers have an inherently lower structural regularity and thus a lower
order and are interesting for hot-melt adhesive applications. The simplest ran-
dom copolymers are of PA-6 and PA-6,6 (Fig. 3.8). Partially aromatic random
copolyamides, such as PA-6,T/PA-6,I, are amorphous and have a high Tg. These
polymer systems combine a high dimensional stability up to their Tg and a good
solvent resistance to hydrocarbons with transparency. Copolymers that have a
high order include PA-6,6/PA-6,T copolymers where an adipic unit is inter-
changed for a terephthalic unit of a similar length (Fig. 3.9).6

PAs have also been copolymerized with other polymer systems and, in partic-
ular, with polyesters and polyethers. In the copolyesteramides the crystallinity is
decreased by copolymerization, as the crystalline structure of the amide unit is
very different from the ester unit. However, alternating polyesteramides behave
as homopolymers with a glass transition temperature and a melting tempera-
ture intermediate to the polyester and the PA polymer (Figs. 3.10 and 3.11).23,24

Polyesters, such as PBT and PET, modified with a small amount of diamide are
also copolymers that have a high order.24,73

3.4.6.1 Alternating Polyesteramide

Strictly alternating polyesteramides behave as homopolymers, and if their struc-
ture is regular, they can crystallize quickly.21,22,74 The best way of synthesizing
these materials is by forming first the diamide unit and later the diester unit. This
procedure is followed because an ester is readily transamidated by an amine but an
amide is not easily transesterified by an alcohol. A typical alternating polymer is
6NT6 [see (3.51) below], based on terephthalic acid, hexamethylenediamine, and
hexamethylenediol, which are all readily available monomers. With this synthesis,
bisesterdiamide (e.g., T6T-dimethyl) is first formed from hexamethylenediamine
and dimethyl terephthalate. Starting from the bisesterdiamide and a diol, alternat-
ing polyesteramides can be obtained. The polymerization procedure is the same
as that for polyester synthesis.

Example 22. Alternating polyesteramide 6NT6.

22a. T6T-dimethyl75 . Into a reactor having a volume of 500 mL fitted with a
stirrer and a N2 supply are fed 160 mL of dry toluene, 16 mL of dry methanol, 46 g
of dimethyl terephthalate, and 5 mmol of LiOCH3 . The mixture is heated to 70◦C
and 8.4 g of hexamethylenediamine is added to the solution. After 1 h a precipitate
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is formed. The reaction is continued for 7 h. During this time a major part of the
methanol is gradually distilled off as an azeotrope with toluene. At the end of the
reaction, the hot solution is filtered and the precipitate washed on the filter with
120 mL of a mixture of methanol and toluene having a volume composition of
75/25. The bisester diamide obtained is dried in a vacuum oven at 80◦C for 6 h.
The bisesterdiamide [N ,N ′-bis(p-carbomethoxybenzoyl)hexamethylenediamine]
has a melting temperature of 232◦C.
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22b. Polymerization of 6NT6 with hexanediol74 :
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The polymer is obtained via transesterification and melt polycondensation of T6T-
dimethyl with 1,6-hexanediol. To a 50-mL straight-wall three-necked flask with
nitrogen inlet/outlet, magnetic stirrer, and condenser unit (Fig. 3.18b) placed
in a heating block, 17.6 g (0.04 mol) of T6T-dimethyl and 9.44 g (0.08 mol) of
hexanediol are added with titanium tetraisopropylate (0.8 mmol) as a catalyst.
After flushing with nitrogen, the reaction mass is heated to 240◦C. After 1 h at
this temperature, the temperature is further increased to 270◦C and a vacuum
applied (1 mbar) for 1 h. The resultant polymer had an ηinh of 1.5 as measured
at 25◦C in phenol–tetrachloroethane (50/50 by weight).

3.4.6.2 Polyesters Modified with Diamides

If one wants to modify an existing polyester without losing its high order, copoly-
merizing it with diamide units is an option. PBT can be modified with a diamide
based on 1,4-butane diamine or p-phenylene diamine and PET with 1,2-ethylene
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diamine.21,76 Small quantities (0.1–2%) of the diamide increase the rate of crys-
tallization of the ester and higher concentrations also increase the Tg and Tm. An
example is given for the amide modification of PBT.

Example 23. Poly(butyleneterephthalate) with 10 mol % diamide units.24

4
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4 9
( )

n
)( CH2 OO )( CH2 NN

H H

C C

O O

C C

O O

(3.52)

From DMT and 1,4-tetramethylene diamine, a dimethylesterdiamide unit (T4T-
dimethyl) is prepared as described above for T6T-dimethyl (Example 22a). The
T4T-dimethyl has a Tm of 265◦C and a �Hm of 152 J/g.

To a 250-mL three-necked straight-wall flange flask with nitrogen inlet/outlet,
magnetic stirrer, and condenser unit (Fig. 3.18a), 46.8 g (221.4 mmol) DMT,
4.40 g (10.06 g mmol) T4T-dimethyl, 37 mL (369 mmol) butanediol, and 0.62 mL
Ti(i -propylate)3 are added. The reaction flask is placed in an oil-heated bath,
warmed to 180◦C, and reacted for 30 min. During this time methanol boils off from
the reaction mass. The reaction mass is then warmed to 250◦C over a 1-h period
and a vacuum is also applied: 15 min at 15–20 mbar and 60 min at 0.1–0.4 mbar.
Subsequently, the flask is cooled and the polymer removed. The resultant polymer
has an ηinh of 1.16 as measured in tetrachloroethane–phenol (1 : 1) at 25◦C,
0.5% solution. Compared to PBT, the effect of adding 10% diamide includes a Tg

increase from 47 to 60◦C, a Tm increase from 222 to 230◦C, and a crystallization
temperature increase from 186 to 198◦C (on cooling at 20◦C/min by DSC).

3.4.6.3 Polyether–PA Segmented Copolymers

Segmented copolymers, such as PA–polyether segmented copolymers, have also
been extensively studied. Polyether–amide segmented copolymers have inter-
esting thermoplastic elastomer properties.76 In these copolymers the polyether
segments give the material a low Tg and the polyamide segments give it a high-
melting crystalline phase. As the polarity difference between the ether and amide
segment is large, the miscibility of the segments is poor and melt phasing easily
takes place. The longer the segment’s length, the poorer the miscibility. Melt
phasing should be avoided as it limits the maximal attainable molecular weight.

Example 24. PA-11–polyether segmented block copolymer.76
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In a 100-mL autoclave with magnetic stirrer, 15 g of laurolactam, 3.94 g
poly(tetramethylene oxide) with a molecular weight of 860, 1.06 g of decanedi-
carboxylic acid, and 0.7 mL of water are added. The autoclave is closed, flushed
with nitrogen, and given a starting nitrogen pressure of 5 bar. The system is
warmed to 270◦C and then the pressure is lowered to atmospheric pressure over
a period of 120 min. The reaction is continued for 11 h at 270◦C with a stream
of nitrogen over the reaction mass. After cooling, the polymer is taken out of the
autoclave and granulated. The polymer has an ηinh of 2.0 as measured in m-cresol
(0.5% solution at 25◦C).

It is expected that, if instead of laurolactam, 11-aminoundecanoic acid is used,
then the reaction can be carried out at atmospheric pressure, as in Example 10.

3.4.6.4 Polyether–Diamide Segmented Copolymers

A special case of segmented copolymers is if the crystallizable unit is of uniform
length. If the amide unit is uniform in length, then a faster and more complete
crystallization is possible.22,23 If the amide unit is short, such as with a diamide
unit, then melt phasing is less likely to occur. With these polyether–diamide
segmented copolymers, one can combine a low modulus, a high elasticity, and
a rapid crystallization with a good processability. The type of diamine in the
diamide strongly influences the melting temperature of these segmented copoly-
mers. Changing tetramethylene diamine for p-phenylene diamine results in a
polymer with 60◦C higher melting temperature.22,23

Example 25. Diamide–poly(tetramethylene oxide) segmented copolymer
(T4T–PTMO1000).25
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From DMT and 1,4-tetramethylene diamine, a dimethylesterdiamide unit (T4T-
dimethyl) is prepared as described above for T6T-dimethyl (Example 22a). The
T4T-dimethyl has a Tm of 265◦C and a �Hm of 152 J/g.

Poly(tetramethylene oxide) (PTMO) (mol wt 1000) (20 g, 0.020 mol), T4T-
dimethyl (8.24 g, 0.020 mol), and 2 mL of 0.05 M Ti(isopropylate)4 are added
to a 50-mL straight-wall three-necked flask with nitrogen inlet/outlet, magnetic
stirrer, and condenser unit (Fig. 3.18b). The reaction flask is heated in an oil
bath to 170◦C. After 30 min at this temperature, the temperature is raised to
250◦C. At 250◦C a vacuum of 10–15 mbar is applied for 30 min and a vacuum
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of 0.1 mbar is applied for a further 60 min. Following this, the reaction mass is
allowed to cool. The resultant polymer is highly elastic, has an ηinh of 1.18 as
determined in tetrachloroethane–phenol (1 : 1) (0.25% solution at 25◦C), and a
melting temperature of 153◦C.
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4 Polyurethanes and Polyureas

Jeff Dodge
Bayer Corporation, Pittsburgh, Pennsylvania 15205

4.1 INTRODUCTION

Polyurethanes (PUs or PURs) are an extremely versatile class of polymers.
A wide variety of raw materials coupled with adaptable synthetic techniques
allows the polyurethane chemist to design useful materials for many applications.
Table 4.1 lists commercially important usage categories for urethanes along with
examples of manufacturing methods and physical properties. All of the items
shown can be readily achieved by proper choice of starting materials, polymer
design, processing conditions, and application technique. While polyurethanes
certainly have limitations, it is arguable that no other class of polymers can
match their collective versatility, usefulness, and performance.1,2

Urethane polymers are formed by reaction of polyisocyanates and polyols
which create the urethane chemical linkage. The closely related polyureas
are synthesized from polyisocyanates and polyamines, producing urea linkages
(Scheme 4.1). Although many polyurethanes contain both urethane and urea
groups and are therefore more properly termed polyurethane/ureas, it is common
to refer to such polymers under the blanket term polyurethanes. The polyol and/or
polyamine in these polymers often comprises the majority mass component, so the
terms polyurethane, polyurethane/urea, and polyurea refer to the corresponding
chemical group linkage and not the whole of the polymer backbone. The
urethane and urea functional groups, however, do impart most of the important
physical properties.

4.1.1 Historical Perspective

The history of polyurethanes begins with Otto Bayer3 at Germany’s I. G. Farben-
industrie (the predecessor company of Bayer AG4) in 1937, the year of the first
disclosure of diisocyanate addition polymerization to form polyurethanes and
polyureas. The main impetus for this work was the success of Wallace Carothers
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TABLE 4.1 Polyurethanes: Applications, Properties, and Processing Methods

Applications Physical States and Properties Processing Methods

Foams
Elastomers
Coatings
Adhesives/sealants/binders
Encapsulants
Elastomeric fibers
Films
Gels
Composites
Microcellular elastomers
Rubbers/millable gums

Thermosets
Thermoplastics
Amorphous or

microcrystalline
Hard or soft
Transparent or opaque
High or low Tg

Aromatic or aliphatic
Hydrophilic or

hydrophobic
100% Solids/solvent

borne/water borne
Resilient or energy

absorbing
Polyester/polyether/

polyacrylate
High or low

molecular weight

Open-cast molding
Fiber spinning
Blow molding
Injection molding
Extrusion/pultrusion
Reaction injection

molding
Spraying/brushing/rolling
Resin transfer molding
Rotational casting
Rotomolding
Thermoforming
Compounding/vulcani-

zation
Compression molding
Centrifugal molding

C N R N C O R′ O H

O H H O

C N R N C N R′ N H

O H H O

n

n

HO R′ OH

H2N R′ NH2

OCN R NCO

Polyurethanes

Polyureas

H H

Scheme 4.1 Polyurethanes and polyureas from polyisocyanates.

at Du Pont in making polyamides and polyesters. Bayer and his colleagues
were trying to find a route to similar materials without infringing on Du Pont’s
patents. The synthesis and basic reactions of isocyanates had been explored
beginning in the nineteenth century by Wurtz and others.2a Bayer utilized the
known addition reactions of the isocyanate group with alcohols and amines to
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form macromolecules from diisocyanates and either diols or diamines. This led
first to the preparation of polyureas from hexamethylene diamine and hexamethy-
lene diisocyanate (HDI; this and other isocyanates are shown in Scheme 4.2), but
these polymers were intractable and proved to be unsuited for the preparation
of fibers or thermoplastics. However, the reaction of HDI with glycols such as
1,4-butanediol led to polyurethanes which found limited applications under the
tradenames Perlon U for fibers and Igamid U for thermoplastics. Throughout the
1940s, a whole new raw material product line was developed at I. G. Farben,
including polyisocyanates under the tradename Desmodur and polyester poly-
ols under the Desmophen tradename. Various products such as adhesives, rigid
foams, elastomers, and coatings were also designed and tested on a developmental
scale but were not sold outside the government.5

CH3

NCO

OCN

1
6

5 3

2

4

2,4 and 2,6-Toluene diisocyanate
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CH2OCN NCO
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Polymeric MDI (PMDI)

NCO

Scheme 4.2 Examples of commercially important isocyanates.

During this time, other companies in England and the United States quickly
developed urethane products. Du Pont applied for patents on the subject as early
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as 1939, dealing mainly with elastomers and adhesives.6 ICI worked in this area
beginning in 1941 designing adhesives, elastomers, and coatings.7 The company
developed the Vulcaprene line of elastomers, which also found use as fabric
coatings for barrage balloons due to their low hydrogen gas permeability. Raw
materials began to be manufactured on a larger pilot plant scale at several com-
panies, including I. G. Farben, ICI, Du Pont, Monsanto, National Aniline, and
Wyandotte. Toluene diisocyanate (TDI) rapidly became the most common iso-
cyanate, especially for flexible foams, which would become the largest urethane
application. The most important production route to isocyanates was and still is
the direct phosgenation of primary amines.

Until the early 1950s, polyurethanes were expensive materials for high-
performance applications. At that time, large-scale commercial production of
flexible foams occurred, with Bayer AG supplying raw materials and Hennecke
AG the processing equipment. These slabstock foams were produced using TDI
and polyester polyols and sold in the seating, bedding, and carpet industries. It is
important to note that these raw material and machinery producers provided
customers with the chemicals and know-how to manufacture the polymer
product themselves. In other words, the customer carried out the actual urethane
polymerization. It was unusual to provide reactive raw materials, such as
isocyanates, to raw material customers for processing. Usually, the polymer
manufacturer would produce or buy the chemicals, carry out the polymerization,
and sell the product in the form of thermoplastic pellets, fibers, gum rubbers, or
some other prereacted state.

The significance of the Bayer–Hennecke cooperation cannot be overem-
phasized because it was the development of entirely new processing methods
and equipment that made large-scale commercialization of urethanes possible.
Together, the two companies brought customers a complete package, includ-
ing raw materials, production machinery, and technical expertise. An especially
important milestone was the development of a high-pressure mixing technique by
Weinbrenner and colleagues at Bayer in the 1940s, known today as impingement
mixing.5d This allowed very rapid mixing of relatively viscous isocyanate and
polyol streams in a compact mixhead. It was this invention, perhaps more than
any other, which gave the Bayer–Hennecke team market dominance throughout
the 1950s and 1960s.

By 1960, annual worldwide production of flexible urethane foams reached 100
million pounds. These polyester-based foams were hydrolytically sensitive and
slowly disintegrated in air. It was not until the mid-1950s that urethane-grade
polyether polyols became commercially available from Du Pont, Wyandotte, Dow,
and Union Carbide. These were more hydrolytically stable, were less expensive
than polyesters, and provided pathways to an expanded range of urethane materials.
Many other products were also commercialized by the end of the 1950s, including
applications in coatings, elastomers, thermoplastics, and noninsulating rigid foams.

Following the phenomenal success of flexible urethane foams, a broader range of
isocyanates and polyols became available at reasonable prices, and polyurethanes
garnered wider attention. With the advent of higher functionality reactants (such
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as polyethers and “polymeric” MDI), interest in rigid foam applications grew,
especially closed-cell rigid foam for insulation. One important breakthrough was
the conversion from water to chlorofluorocarbons (CFCs, such as CCl3F and
CCl2F2) as blowing agents in insulation foams. These physical blowing agents
improved processing characteristics and insulative performance and lowered costs.
They were widely used until the Montreal Protocol of 1987 and Clean Air Act
of 1990 spurred development of non-CFC foam systems. Today, urethane foams
are made using either hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons
(HFCs), hydrocarbons, or water as blowing agents. Another key development
was the discovery of insulation foams formed from trimerization of isocyanates
(see Section 4.3.1.5). These isocyanurate foams had reduced combustion rates and
smoke formation compared to standard urethane foams because of the more ther-
mally stable isocyanurate linkages. This was important because of increasingly
stringent fire codes in the 1960s.

Elastomers were among the first urethane materials to be developed.5b,c At
Bayer, a line of urethane rubber was developed in the 1940s under the Vulkol-
lan tradename. These materials were based on polyester prepolymers made from
naphthalene diisocyanate (NDI) and chain extended using short-chain glycols,
diamines, or alkanolamines.8 The early products were in the form of millable
gums which could be processed and vulcanized like conventional rubber. Sev-
eral other companies brought out similar products at this time, including ICI
(Vulcaprene), Goodyear (Chemigum), and General Tire (Genthane). Later, in the
1950s, Du Pont introduced their Adiprene product line, the first millable urethane
gums utilizing polyether polyols. The most significant development in the elas-
tomer area occurred at Bayer with the development of liquid-castable systems.9

These could be conveniently poured or pumped into molds as low-viscosity
liquids and cured to shape, giving rise to the term cast elastomers. With the com-
mercialization in 1960 of polymeric MDI (PMDI) by ICI in England and Carwin
in the United States, the related monomeric MDI (4,4′-methylene diphenyl diiso-
cyanate) became more widely available. Since then, MDI and PMDI have been
used extensively in cast elastomer applications, except for Bayer’s Vulkollan
and a few TDI-based products. Polyurethane elastomers were initially slow to
grow commercially, largely due to the success of synthetic rubbers. However,
polyurethane elastomer use has dramatically increased and now they even dom-
inate certain niche markets such as in-line skate wheels and high-performance
bowling balls due to superior dynamic mechanical properties.

Thermoplastic polyurethanes (TPUs) made their debut in the early 1950s.
B. F. Goodrich was the first successful commercial producer of TPUs with their
Estane VC product line. While earlier TPUs had to be heat cured after initial
molding, the Estane VC products, based on 4,4′-MDI, butylene adipate polyester
polyols, and 1,4-butanediol, had such good physical properties they did not need
the postcuring step. They were considered “virtually crosslinked” (hence the
VC designation) due to the presence of hydrogen bonding and hard-block/soft-
block phase separation (see Section 4.2.3). These products could be processed by
standard thermoplastic methods, such as extrusion and injection molding. Today,
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TPUs are more successful than ever and are used in a wide variety of applications,
including automotive products, sports equipment, tool housings, and films.

Polyurethane coatings have proven to be highly suitable for a variety of sub-
strates (such as metal, wood, and textiles) and applications (automotive, construc-
tion, flooring). They were among the first applications explored at I. G. Farben.
For example, during World War II they were used to impregnate paper for gas-
resistant suits and as protective coatings for aircraft.5a It was the need for coatings
with improved light stability which drove most of the development work on
aliphatic isocyanates. Also of importance was the development of aliphatic iso-
cyanate adducts to reduce the vapor pressure of compounds like HDI. This led to
products such as the biuret and isocyanurate trimer of HDI (Scheme 4.2). Coat-
ings also spawned the first one-component formulations (Section 4.3.2.3), with
the early uralkyd resins (or so-called urethane oils), and blocked isocyanates.
Urethane coatings have generally followed industry trends with the advent of
moisture-cured systems, powder coatings, and materials cured by ultraviolet or
electron beam irradiation. Although many coating formulations were and still are
solvent based, high solids based, or even 100% solids based, one of the most
fundamental changes has been the more recent move toward water-based systems
(Section 4.3.2.2). This trend has been driven by the need to reduce the emission
of volatile organic compounds (VOCs), especially solvents.

4.1.2 Applications

An indication of the usefulness of polyurethanes can be found in worldwide con-
sumption data; as of 2000, urethanes of all types amounted to 9.25 million tons.10

The commercial success of urethane polymers can be attributed to the ability to
conveniently manufacture and apply materials with specific combinations of phys-
ical properties. Furthermore, urethanes are often the best choice in demanding,
high-performance applications. In this section, the applications listed in Table 4.1
are discussed and a few examples are given from each category.

Foams are the largest polyurethane application area and account for about 80%
of sales (by weight) worldwide. The term foam covers a broad range of materials
and physical properties, but there are three general categories: rigid, semirigid,
and flexible.11 Rigid foams are nonresilient, high compressive-strength materials
used mainly for insulation and structural support. They can have low thermal
conductivity when designed and processed properly. For example, refrigerators
are made using rigid PU foam providing both insulation and structural support.
Other uses include insulation foams for homes and buildings (the single largest
urethane application), structural foams for lamination products and boat hulls,
and energy-absorbing foams for packaging and automotive interiors. A rigid
insulation foam formulation is given in Example 5, Section 4.4.

Flexible foams are used in applications where a high degree of resiliency
is required with moderate load-bearing capacity. Essentially all foam seating is
urethane based, including the furniture and automotive markets. Other examples
are packaging, textiles, filters, sports equipment, and recreational items.
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Semirigid foams are between rigid and flexible foams in terms of resiliency,
energy absorption, and compression strength. These properties make them ideal
for applications where a combination of flexibility and energy absorption is
desired. A good example is padding for automotive instrument panels and steer-
ing wheels, where the flexibility provides tactility and the energy absorption
characteristics offers a degree of occupant protection.

Coatings comprise the second largest polyurethane application area and have
proven to be extremely effective for a wide variety of uses.12 Automotive orig-
inal equipment manufacturers (OEMs) as well as refinishers, for example, use
urethane coatings for various types of body coatings, such as electrocoatings,
primers, base (color) coatings, and clear/top coatings. Highly flexible coatings
for plastics are used for fascias, bumpers, wheel covers, and body panels. Other
uses include floors, furniture, sports equipment, textiles, leather, appliances, and
heavy-duty industrial coatings. See Examples 6–9 in Section 4.4.

Polyurethanes also make excellent adhesives, sealants, encapsulants, and
binders.13 They have been successful in these areas due to their design flexibility
in terms of physical properties and application techniques and their ability
to adhere strongly to a wide variety of substrates. For example, automotive
structural adhesives (Example 10 in Section 4.4) are used to bond sheet-molding
compound (SMC) body panels to vehicle frames without any cleaning or priming
pretreatment. Other examples are concrete sealants (Example 11), automotive
windshield adhesives, roofing cements, and electrically and thermally conductive
adhesives for electronic applications. Unmodified isocyanates are often used
as moisture-cured binders for foundry cores, engineered wood products, and
rebonded carpet underlayment. One-component, moisture-cured prepolymers and
two-component polyurethane systems are used as binders for rubberized running
tracks and playground surfaces. Urethanes are also used as encapsulants for
carbonless copy paper ink and slow-release fertilizers. Electrical components such
as airbag sensors and circuit boards can be protected using polyurethane potting
compounds. As with coatings, polyurethane adhesives, sealants, encapsulants,
and binders can be solvent based, 100% solids, or aqueous. They may also be
one-component (moisture-cured, polyurethane dispersions, or blocked) or two-
component systems (see Section 4.3.2.3).

Elastomers come next in order of quantity sold worldwide. Like the previous
categories, elastomers cover an extremely broad range of material types and appli-
cation areas. They include cast elastomers, spray and rotational casting elastomers,
thermoplastic elastomers, microcellular elastomers, gels, and elastomeric fibers.
Each type is covered separately.13d,14

Cast elastomers are noncellular solids produced by pouring or injecting an iso-
cyanate–polyol reaction mixture directly into a mold to form a finished part. For
example, pipeline pigs and golf club grips can be made using urethane cast elas-
tomers based on either MDI or TDI prepolymers (see Section 4.3.2.1). Other uses
include industrial wheels and rollers, die-cut blankets, and table edgings. Closely
related in terms of applications and physical properties are the polyurethane mil-
lable gums (urethane rubber). These materials are compounded, processed, and
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cured like natural rubber and are used in applications such as gear belts, seals,
and bellows. All of these applications are very demanding, especially in terms
of dynamic properties. Therefore, it is apparent that cast elastomers and millable
rubbers are often used in high-end applications where performance requirements
justify their relatively high cost as compared to competitive materials, such as
rubbers and polyesters. See Examples 1 and 2 in Section 4.4.

Spray and rotational casting elastomer formulations resemble cast elastomers
but are processed using different application techniques. Polyurethane and polyurea
spray elastomers are handled using equipment similar to that used for spray-on
coatings and are formulated to have nonsagging performance, enabling them to
be applied thickly to vertical surfaces without running or dripping. They are also
fast reacting, with “gel times” (Section 4.3.1.7) under half a minute. Examples
include structural backings for acrylic spa shells, truck bed liners, and floor cov-
erings. Rotational casting elastomers are also formulated to be nonsagging but
are somewhat slower reacting due to the application technique. In this case, the
elastomer is applied directly from a static mixer onto a rotating cylinder, roller,
or drum mounted on a lathe. The mixhead moves in a controlled manner down
the length of the part until coverage is complete. Multiple passes may be made,
depending on the thickness desired for the covering. Uses include drum rollers
used in paper and steel manufacturing and protective membranes for compressed
gas cylinders. Spray and rotational casting elastomers differ from coatings in that
they not only provide a protective and attractive covering but also are thicker and
impart elastomeric properties to the substrate.

Thermoplastic polyurethanes15 can be employed wherever standard
thermoplastics are used, utilizing the same processing equipment. TPUs are
high-molecular-weight, linear or lightly crosslinked polymers, but they differ
from most other thermoplastics in that they have the added benefit of hydrogen
bonding from the urethane linkages (see Sections 4.2.2 and 4.2.3). Hydrogen
bonds act as physical crosslinks, but their thermal reversibility allows the
material to be processed at elevated temperatures like a linear thermoplastic.
Manufacturing via reaction extrusion is most common whereby a prepolymer is
made in situ and then directly reacted with chain extender. The reaction mixture
is then extruded into strands, cooled, pelletized, and sold to processors. Standard
thermoplastic processing methods can be used such as extrusion, compression
molding, calendering, blowing, and rotational molding (not to be confused
with rotational casting). As with other urethane materials, TPUs are used in
demanding applications requiring superior physical properties. Examples are ski
boots, football bladders, films, automotive instrument and door panel skins, safety
glass, soft spikes for golf shoes, and catheters. Example 13 in Section 4.4 is of
a hand-formable TPU.

Microcellular elastomers16 bridge the gap between solid elastomers and low-
density foams. Although they may appear to be noncellular, these materials have
a microscopic cell structure and so are by definition high-density foams, with
densities between noncellular solids and standard foams. The most commer-
cially important applications include shoe soles, carpet backing, chair armrests,
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nonpneumatic tires, and automotive body parts. Reaction injection molding (RIM)
is one method for producing microcellular products whereby liquid raw mate-
rials are mixed under high pressure (impingement mixing) and injected into
a high-tonnage mold. The reactants then cure and the part can be demolded
shortly thereafter. Nucleation using dissolved nitrogen gas creates a microcellu-
lar structure to reduce material density, facilitate flow through the mold, and give
high-quality surfaces. The primary advantages of RIM are high-volume manufac-
turing capability, lower capital investment and energy consumption compared to
that of conventional injection molding, and superior end-product physical proper-
ties. This process is most often used in large-scale manufacturing of automotive
and farm equipment parts, recreational products, and computer housings.

Shoe soles are made from a different kind of microcellular urethane which is
lower in density compared to most RIM materials. Shoe sole products are quite
flexible and elastic but have damping characteristics as well. They are one appli-
cation of integral skin foams, where a tough, elastomer-like outer skin is designed
to self-form on the part during the molding process. They may be manufactured
using RIM but are mostly made using lower cost open-mold pouring techniques.
Microcellularity is created using water as a chemical blowing agent to lower
density (reduce part weight) and improve energy absorption characteristics. An
auxiliary physical blowing agent (such as HFC-134a or pentane) is often added
to further reduce density or to improve skin quality. The primary advantages of
urethanes in this market are high production rates, design flexibility, and superior
physical properties such as abrasion resistance, elasticity, and energy absorption.
Urethanes are used in 6–8% of footwear products worldwide.

Polyurethane elastomeric fibers17 are known generically in the United States
as spandex (elastane in Europe). These were developed by Bayer under the
tradename Dorlastan and by Du Pont as Lycra. These materials are highly elastic
and can withstand elongation of several hundred percent before breaking. They
are extruded into filaments for textiles and are commonly used in elastic fabrics,
especially sportswear.

Urethane gels and ultrasoft elastomers are a more recent development.18 They
are made primarily by reacting high-molecular-weight polyether polyols with a
stoichiometric deficiency of isocyanate. The low NCO-to-OH ratio allows for a
wide latitude in hardness adjustment. These low-hardness elastomers are used for
seating applications (such as gel bicycle seats), shoe inserts, and soft padding for
orthopedic devices.

4.1.3 Research Trends and Critical Issues

Perhaps the most significant recent issue for the industry was the phase-out of
CFCs as blowing agents resulting from the Montreal Protocol (1987) and Clean
Air Act (1990).19 These regulations mandate specific timelines for discontin-
uation and, since foams comprise the bulk of polyurethane applications, have
prompted a worldwide search for alternatives. Hydrochlorofluorocarbons, HFCs,
and hydrocarbons (HCs) are now the blowing agents of choice. Which one is



206 POLYURETHANES AND POLYUREAS

used depends on many factors, including cost, performance, plant design, cost of
retrofitting, and local and national regulations. Water serves well in many appli-
cations as a chemical blowing agent (it reacts with isocyanate to form gaseous
CO2; see Section 4.3.1.4), and its use continues to increase. However, for rigid
insulation foams water is not preferred due to the relatively high thermal con-
ductivity and permeativity of carbon dioxide. Hydrocarbons, including isomers
of pentane and butane, are better blowing agents in insulation foams because
they offer suitable boiling points, solubility characteristics, low permeation, low
thermal conductivity compared to CO2, and low cost. The largest hurdle for devel-
opers and processors has been the high flammability and associated hazards of
these volatile hydrocarbons. The need for large-scale explosion-proof manufac-
turing equipment and facilities — not to mention new formulations, techniques,
and products — can make plant conversion costs prohibitively high in many cases.
Currently, most rigid insulation foam in Europe is made using hydrocarbons. In
the United States, HCFC-141b is still being used but will not be manufactured
for domestic use after 2002. Manufacturers will then have no alternative but to
convert over to HFCs (e.g., HFC-245fa, HFC-134a) or hydrocarbons. Rigid lam-
ination (structural) foam in the United States, however, is most often made using
pentanes. Liquid carbon dioxide (supercritical CO2) is also of great interest as a
physical blowing agent, and its use is slowly increasing as technical hurdles are
overcome. In addition to the disadvantages mentioned for water-blown insulation
foams, liquid CO2 also promotes open cell structure and so is used primarily in
open-celled foams such as flexible foams and rigid lamination foams.

Another pressing issue over the last 15 years has been a reduction in the use of
volatile organic compounds (VOCs).20 This is important to the urethane industry
because solvents have traditionally been used as diluents and carriers. Foams and
elastomers have not been affected to a great extent because they do not rely as
heavily on the use of solvents. For adhesives, binders, and coatings, however, a
reduction in the use of organic solvents has required extensive research and devel-
opment on waterborne and solvent-free systems (Section 4.3.2.2). Development
of aqueous systems has been a daunting effort because of the water/isocyanate
reaction, which has generally been avoided at all costs (except in water-blown
foams where water is used as a chemical blowing agent). By about 1990, it had
been found that certain isocyanates could indeed be dispersed in water and reacted
preferentially with polyols in situ using proper catalysis and reaction conditions.
In this case, water serves only as a carrier and viscosity reducer, allowing the iso-
cyanate–polyol reaction mixture to be conveniently applied to a substrate, then
evaporates to leave the cured product. This methodology is suitable for applica-
tions where the urethane is applied in thin cross section, enabling the water to
evaporate quickly; otherwise, entrapped water can form bubbles, especially if it
is present long enough to react with isocyanate. This has given rise to a whole
new technology of two-component (2-K), waterborne polyurethane coatings (see
Example 9 in Section 4.4), adhesives, and binders. The use of one component
(1-K) polyurethane dispersions (PUDs) (Section 4.3.2.3 and Example 8), fully
reacted urethane polymers dispersed in water, has also increased dramatically in
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the last decade. Although PUDs have been known since the 1960s, it was not
until the crackdown on VOCs that waterborne technology gained wider attention.
Another low-VOC alternative is high-solids coatings using low-viscosity reactive
components (reactive diluents) to provide processibility without contributing to
VOCs (see Section 4.2.3 and Example 6).

Medical applications for polyurethanes, especially thermoplastic and cast elas-
tomers, is another area of current intensive interest.21 Urethanes can be very
biocompatible and suitable for blood contact and implantation applications. Of
course, polyurethanes are used in many non–blood contact medical applications,
such as for prostheses, gloves, limb casts, and wheelchair tires. However, the
requirements are far more challenging when there is blood contact, especially
in vivo. Polyurethanes can be designed to be biodurable, biocompatible, hemo-
compatible, and nonthrombogenic. Because of the ability to finely tune physical
properties, urethanes can be designed for very exacting applications such as arti-
ficial veins and cardiac pacemaker lead insulators. Furthermore, target physical
properties for elastomers can be achieved without introduction of plasticizers or
fillers which can affect biocompatibility. Historically, the most challenging prob-
lem with implanted urethane elastomers has been the development of surface
fissures and cracks. This environmental stress cracking is caused by biochemical
reactions at the surface and can cause loss of mechanical properties and facilitate
blood clotting. Other problems with implanted polyurethanes are calcification,
hydrolysis, and hydration. The propensity for calcification depends on the spe-
cific urethane used but may be mitigated using surface treatments. Hydrolysis and
hydration are both largely a result of the polyol used. Polyester polyols are more
susceptible to hydrolysis reactions which can rapidly degrade properties. Hydra-
tion is common in urethanes, all of which will absorb some water, and can have
a plasticizing effect on the material, making it softer. In some situations, this can
be desirable, such as for catheters, where the part is hard and stiff for insertion
but later softens for the patient’s comfort. Recent improvements have been made
by utilizing alternative, more robust polyols instead of the traditional polyethers
and polyesters. Overall, the best results have been obtained with polycarbonate
glycols, and products using them are still under development.

In vitro applications for blood contact are not as demanding on materials, and
urethanes have made significant progress in this area. For example, hemodialy-
sis cartridges have been manufactured using urethane encapsulants to hold the
filtration filaments in place. Another area of recent activity is the development
of urethane hydrogels for bandages. These gels are similar to those described in
Section 4.1.2 but are based on hydrophilic poly(ethylene oxide) polyols and can
be hydrated and swelled with water. They are used for wound dressings, espe-
cially severe, chronic wounds which have failed to heal, such as ulcers and bed
sores. Their main advantage is that they are “skin friendly,” keeping the wound
moist and easing dressing removal. They also facilitate healing by being quite
permeable to oxygen.

Recycling of urethane materials has been an important issue for the last decade
or so.22 This came as a result of increasing pressure for recycling in general or at
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least to demonstrate recyclability of products. An example is the automotive sector,
where it is often necessary for suppliers to provide evidence that their materials can
be recycled. Polyurethanes may arguably be recycled by more methods than any
other polymer, although this is partially due to the large variety of product types
which can be produced from them.

There are three basic categories for polyurethane recycling: mechanical recy-
cling, chemical recycling, and energy recovery. Mechanical recycling (also known
as material, physical, or particle recycling) is the oldest method for reuse of ure-
thanes. For example, using flexible foam scrap for rebonded carpet underlayment
has been practiced for decades. This is so successful that nearly one-quarter of
the foam scrap used in the United States for this application is actually imported
from Europe. Other examples of mechanical recycling include the use of pow-
dered waste as fillers and absorbents, using granulated materials for compression
molding of new products under heat and high pressure, and binding of particulated
material for playground surfaces and park benches.

Chemical recycling involves degrading the urethane into either new polyurethane
feedstocks (such as polyols and polyamines) or gases and oils for use in energy
production or chemical manufacturing. There are several methods of chemical recy-
cling: glycolysis, hydrolysis, hydrogenation, and pyrolysis. There are advantages
and disadvantages for each, but the main issue for any recycling effort is that it
must be done economically. Many of these methods require high temperature and
pressure (especially pyrolysis and hydrogenation) and do not operate efficiently. To
date, the most successful chemical recycling route is glycolysis, where granulated
urethane scrap is heated in the presence of a glycol (such as diethylene glycol) to
about 200◦C. Under these conditions, the polymer undergoes glycolysis and reverts
back to the original polyols and various side products. Careful prescreening of the
raw polyurethane scrap can result in high-quality polyols which are nearly identical
to the original. Several companies in Europe are currently using this method on a
commercial scale.

The third general category of polyurethane recycling is energy recovery (incin-
eration), where the scrap is burned, the energy utilized, and the waste cap-
tured and disposed of. Although there are many proven methods for recycling
polyurethanes, with few exceptions they are just not cost competitive with the
virgin materials. Progress is being made, however, and it is expected that more
firms will commercialize related technology and products as they become more
economically viable.

4.2 STRUCTURE–PROPERTY RELATIONSHIPS

4.2.1 General Considerations

An in-depth understanding of structure–property relationships is perhaps the most
important concern for the urethane formulation chemist. Material design objec-
tives often go far beyond physical property requirements and may also include
considerations like processing characteristics (i.e., compatibility, reactivity,
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viscosity, ease of mixing), appearance (transparency, surface gloss, color), weath-
ering (light stability, water resistance), and cost. A urethane product can be
comprised of many ingredients and isocyanates, polyols, crosslinkers, chain exten-
ders, fillers, catalysts, and other additives must each be carefully selected. In
Section 4.2.2, the main raw material categories are discussed in terms of how
molecular structure can influence reactivity, processing traits, mechanical prop-
erties, and physicochemical attributes. Later, in Section 4.2.3, the important sub-
jects of backbone microstructure and polymer morphology are reviewed to show
how they are influenced by the ingredients chosen and the synthetic technique
used to make the material.

4.2.2 Role of Molecular Structure

There are several ways to categorize isocyanates, but the broadest delineation
is aromatic versus aliphatic. Aromatic MDI, PMDI, and TDI (Scheme 4.2) con-
stitute by far the largest worldwide volume of isocyanates manufactured. Two
characteristics stand out with these compounds. First, their aromaticity causes
materials based on them to absorb ultraviolet (UV) radiation. This triggers numer-
ous oxidative side reactions, especially in the presence of atmospheric oxygen
and water. These oxidation reactions form colored quinoidal and other delocalized
moieties which cause a discoloration to yellow or brown, depending on extent of
reaction. Discoloration is undesirable in most applications, such as in foams and
elastomers, but usually does not affect bulk physical properties unless the extent
of oxidation is extreme. In coating applications, this sensitivity to light is critical
and can cause not only discoloration but also loss of surface gloss, crazing, and
many other problems. Another reason light sensitivity is of broader importance
in coatings and other “thin cross-sectional” applications is because UV radiation
can penetrate a larger percentage of the material’s thickness, affecting not only
the surface, but the bulk properties of the material as well, causing embrittlement,
cracking, and peeling. It is important to note that although aliphatic urethanes
are dramatically less sensitive to light than aromatic formulations, they are still
susceptible to UV-induced degradation and are extensively tested accordingly.

The second important characteristic of aromatic isocyanates is that they are
much more reactive than aliphatics due to delocalization of electron density
into the aromatic ring. Of the mesomer structures shown in Scheme 4.3, if the
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Scheme 4.3 Resonance structures of the isocyanate group.
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isocyanate group is attached directly to an aromatic ring, the resonance effect
places a higher average positive charge on the NCO carbon atom, making it
more reactive toward nucleophiles such as alcohols and protic amines.

With few exceptions, the more expensive, less reactive aliphatic isocyanates
are only used in situations where light stability is paramount. For coatings, films,
and other materials which will not be exposed to light (especially sunlight), a
less expensive aromatic isocyanate is more likely to be used.

Isocyanate functionality and isomer structure also influence physical proper-
ties and reactivity. For example, there are three major isomers for MDI (4,4′,
2,4′, and 2,2′) and two for TDI (2,4 and 2,6). The most commercially important
MDI product is the 4,4′ isomer because its molecular linearity contributes to good
polymer properties and it is more reactive compared to the relatively sterically
hindered 2,4′ and 2,2′ isomers. However, higher 2,4′ and 2,2′ isomer content
products may be desirable in certain situations, such as for their depressed freez-
ing points, processing characteristics, and lower reactivity. Likewise, the two TDI
isomers each have their own importance. The 2,4-TDI isomer is more reactive
because the NCO group in the 4-position is relatively unencumbered. The 2,6-
TDI isomer is less reactive, but it tends to give higher hardness flexible foams,
allowing density to be reduced without sacrificing load-bearing capacity. There
are also important differences in the way the two TDI isomers influence foam
processing characteristics.1a,11b

Isocyanate functionality also plays a large role in formulation design. First
and foremost, functionality of three or more contributes to crosslinking, leading
to, for example, higher hardness, stiffness, and scratch resistance. Of course, too
much crosslinking can be detrimental, causing embrittlement and reduced tear
strength, for example. Isocyanate functionality is especially important in coating
raw materials due to the relatively volatile aliphatic isocyanates commonly used,
such as HDI (vapor pressure 0.011 mm Hg at 25◦C). The 3-functional isocyanu-
rate trimer of HDI (Scheme 4.2) not only gives good physical properties but also
has a lower vapor pressure (5.2 × 10−9 mm Hg at 20◦C), thereby reducing VOCs.
The so-called PMDIs are manufactured mainly for their increased functionality
and resultant physical property benefits, especially in one-shot elastomers (see
Section 4.3.2) and rigid foams. However, PMDIs also have reduced freezing
points, so they are convenient-to-use liquids at room temperature. The increased
viscosity of the higher molecular weight PMDIs can often be problematic in
terms of processing (e.g., ease of mixing, pumping, mold filling). However, this
can sometimes be an advantage where a higher viscosity isocyanate is desired
to facilitate mixing with the polyol, improve flow properties (reduce splash-
ing), or increase dispersion stability in those rare cases where filler is added to
the isocyanate.

There are many situations where isocyanates are derivatized before use, such
as when MDI or TDI are reacted with high-molecular-weight, difunctional polyols
to form low-NCO prepolymers used to make cast elastomers by the prepolymer
method (Section 4.3.2.1). Because of their molecular weight, prepolymers can be
of much higher viscosity than the starting isocyanates, and some are solid at room
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temperature. Prepolymers often require high processing temperatures (typically
80–100◦C) to liquefy and/or reduce viscosity, so making products via this technique
is also known as the hot-cast prepolymer method. There are also quasi-prepolymers
in which fewer of the NCO groups are prereacted with polyol, and the viscosity is
between that of “full” prepolymers and starting isocyanates. The various synthetic
techniques all have important bearing on material types and properties and are
discussed in more detail later in this section and in Section 4.3.2.

Another reason to derivatize raw isocyanates is to modify the characteristics of
the compound itself. This is often done to lower the freezing point of the product,
which makes it more user friendly to the processor. Thus, 4,4′-MDI freezes at
39◦C so it is supplied as either a molten liquid or refrigerated solid (to reduce
the rate of dimer formation; see Section 4.3.1.5). However, reacting this MDI
isomer with a small amount of a low-molecular-weight glycol can reduce the
melting point by several degrees. This allows the product to be shipped at more
convenient temperatures and to be stored and used by the processor as a low-
viscosity, pumpable liquid that is less susceptible to solidification. The penalty for
this is higher viscosity and possibly a reduction in the ultimate physical properties
which can be achieved due to reduced molecular symmetry and the incorporation
of relatively flexible glycol units into the polymer backbone. Such products are
known as liquefied (or modified ) MDIs. Reacting an isocyanate with a water-
soluble polyol can impart enough hydrophilicity so as to make it dispersible
in water. This is one way to make two-component, waterborne coatings (see
Section 4.3.2 and Example 9 in Section 4.4).

The next important category of urethane starting components is the polyol. The
polyol makes many contributions to the finished polymer, including flexibility,
softness, low-temperature properties, and processing characteristics. Scheme 4.4
shows representations of common polyol types, distinguished by their backbone
structure. The most common urethane-grade polyols are the polyethers made from
ethylene oxide (EO), propylene oxide (PO), and tetrahydrofuran, referred to as
C2, C3, and C4 ethers, respectively, from the number of carbon atoms in each
repeat unit. The C3 ethers are often tipped (or capped) with C2 –ether endgroups
to provide the enhanced reactivity of unhindered, primary OH groups. Random
and mixed-block copolymers of ethylene oxide and propylene oxide are used
mainly in water-blown foams where they provide better control of miscibility
between polyol, isocyanate, and water. They also can give better regulation of
processing characteristics such as reactivity, demold, and flow properties.11b

Polyether polyols are predominant in urethanes because they are available
in a wide range of molecular weight, viscosity, functionality, and composition.
The polyethers can have very low glass transition temperatures (Tg) due to the
flexible etheric backbone, and this benefits the low-temperature properties and
flexibility of the resultant urethane. They also are generally less expensive than
other polyol types. The C3 ether polyols are the most common because they
are much less hydrophilic/hygroscopic than the C2 ethers, of which there are
relatively few. The C3 polyols also give quite good physical properties and
are commonly used in almost all areas of urethane technology. However, when
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Scheme 4.4 Common urethane-grade polyol types.

enhanced dynamic performance is required, the linear poly(tetramethylene oxide)
polyols (C4 polyethers) are often employed. Although the C4 ethers tend to be
more expensive, they contribute to enhanced phase separation and polymer mor-
phology development (see Section 4.3.2) and so are used in demanding elastomer
applications where higher prices are better tolerated. The C3 and C4 polyethers
are known for their solvent and alkali resistance and hydrolytic stability. How-
ever, they are relatively sensitive to UV radiation and are not the best choice for
outdoor (“weatherable”) applications.

Polyesters are another important class of polyols. There are many polyester
types used, so a generic structure is shown in Scheme 4.4. They are often based
on adipic acid and either ethylene glycol (ethylene adipates) or 1,4-butanediol
(butylene adipates). Polyesters, because of the polar carbonyl groups, contribute
more to intermolecular forces, and physical properties such as tear and impact
resistance are often improved by using them. They are also utilized for their sol-
vent and acid resistance and light stability. Relatively poor hydrolytic stability is
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one of their disadvantages, and they are especially sensitive to alkali degradation.
The polyesters tend to be more expensive than the C3 and C2 ethers, mainly
because of higher raw material costs.

Acrylic polyols are commonly used in coatings formulations. They are made
from acrylic and acrylate monomers in conjunction with styrene as a Tg modifier
(and because it is less expensive). As shown in Scheme 4.4, these polyols have
a carbon–carbon backbone with multiple side groups, some of them OH func-
tional. These materials, therefore, are quite hydrophobic and typically have OH
functionalities of 3–6. For coatings applications, these low-molecular-weight,
high-functionality polyols provide high hardness materials with excellent weath-
ering performance, light stability, chemical resistance, and durability. They are
often used in demanding automotive coatings, including clear top coats.

Polybutadienes, polycaprolactones, polycarbonates, and amine-terminated
polyethers (ATPEs) are shown in Scheme 4.4 as examples of other commercially
available polyols. They are all specialty materials, used in situations where
specific property profiles are required. For example, ATPEs are utilized in
spray-applied elastomers where fast-reacting, high-molecular-weight polyamines
give quick gel times and rapid viscosity buildup. Polycarbonates are used for
implantation devices because polyurethanes based on them perform best in
this very demanding environment. Polycaprolactones and polybutadienes may
be chosen for applications which require exceptional light stability, hydrolysis
resistance, and/or low-temperature flexibility.

Another family of polyols is the “filled” polyols.11b There are several types, but
the polymer polyols are the most common. These are standard polyether polyols
in which have been polymerized styrene, acrylonitrile, or a copolymer thereof.
The resultant colloidal dispersions of micrometer-size particles are phase stable
and usually contain 20–50% solids by weight. The primary application for these
polyols is in flexible foams where the polymer filler serves to increase foam hard-
ness and load-bearing capacity. Other filled polyol types that have been developed
and used commercially (mainly to compete with the preeminent polymer poly-
ols) include the polyurea-based PHD (polyharnstoff dispersion) polyols and the
urethane-based PIPA (polyisocyanate polyaddition) polyols.

Chain extenders are low-molecular-weight diols or diamines used to increase
urethane and/or urea content in the final polymer. They are also the sole cura-
tives for low-NCO prepolymers (chain extension in the full prepolymer method;
see above and Section 4.3.2). A few common chain extenders are shown in
Scheme 4.5. Chain extender molecules can be relatively long or short, aromatic
or aliphatic, hydrophilic or hydrophobic. Because they are low molecular weight
and react with isocyanate, chain extenders become part of the so-called hard
segment in the resultant polymer and can dramatically influence hardness, mod-
ulus, crystallinity, and so on (discussed below and in Section 4.2.3). They can
also be utilized to modify processing characteristics, including gel time, viscos-
ity buildup, and green strength (polymer integrity at demold, Section 4.4). For
example, diamine chain extenders can be used as rheology modifiers because they
react rapidly with isocyanate (before the polyol) to build molecular weight and
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viscosity. This is one way to make nonsagging adhesives and spray elastomers
that can be applied to vertical surfaces without sagging, running, or dripping (see
Example 10 in Section 4.4).
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Scheme 4.5 Examples of glycol and amine chain extenders. (Unilink is a registered
trademark of UOP LLC.)

Crosslinking agents by definition have functionality �3, and any such reac-
tants in a formulation, including isocyanates and polyols, are crosslinkers. The
term crosslinker is sometimes inappropriately used to denote what is really a
two-functional chain extender. Examples of hydroxy-functional crosslinkers are
shown in Scheme 4.6. The two most important features of a crosslinking molecule
are functionality and molecular weight. Low-molecular-weight molecules are
more effective at crosslinking the polymer matrix on a molar basis and are usu-
ally used at low concentrations. Higher molecular weight compounds, such as
polyether triols, are often not thought of as crosslinkers per se, but their influ-
ences cannot be discounted because they do contribute to crosslink density and
can increase resistance to swelling, improve tear strength, and decrease low-
temperature flexibility. Trifunctional, low-molecular-weight compounds are most
commonly used. Although 4-functional molecules are occasionally utilized as
crosslinkers, higher functional materials (such as sucrose) are not because com-
pounds with such high functionality will tend to become immobilized in the
polymer network before all functional groups in the molecule can react.
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Scheme 4.6 Examples of crosslinkers.

The composition and structure of the raw materials presented in this section
comprise only part of the molecular configuration of urethane polymers. How
these compounds are covalently connected to form the skeletal backbone makes
up the remaining portion of the polymer’s primary structure. A schematic rep-
resentation is shown in Scheme 4.7 of a linear urethane polymer chain made
from high-molecular-weight polyol, isocyanate, and chain extender. The polyol
forms the so-called soft segment of the backbone, while the isocyanate and chain
extender form the hard segment . The high-molecular-weight, relatively nonpolar
polyol soft segment and the short, polar isocyanate/chain extender hard segment
of the polymer backbone are incompatible and tend to segregate into their own
microdomains, called the soft block and hard block , respectively, as shown in
Scheme 4.8. Thus, urethane elastomers are often referred to as phase-separated
(or segregated) polymers. Another driving force for this segregation is intermolec-
ular hydrogen bonding among the polymer hard segments. Scheme 4.8 depicts
how this physical crosslinking might appear on a molecular level. The linkage
sequence of the various components can be manipulated by the order of raw mate-
rial addition during synthesis. This is especially true of fibers, thermoplastics, and
cast elastomers where the synthetic method utilized can have important conse-
quences on the properties of the polymer obtained. The two basic approaches
for preparing such materials are known as the one-shot and prepolymer methods
and are discussed below. More details regarding backbone microstructure and
polymer morphology are presented in Section 4.2.3.

Soft segment Hard segment

= High-MW diol (or diamine)

= Diisocyanate

= Urethane/urea linkage

= Chain extender

Scheme 4.7 Primary structure in polyurethanes: backbone microstructure.
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Scheme 4.8 Secondary structure in polyurethanes: hard and soft block microdomains.

In the one-shot technique (Scheme 4.9a), isocyanate, polyols, chain exten-
ders, and additives are all blended together at the same time and the material
is poured into a mold (or processed in some other manner). The isocyanate,
therefore, is free to react with any other compound in the system. The various
molecules in a formulation, such as polyols and chain extenders, often have dif-
fering reactivities and some may react preferentially with the isocyanate. Since
chain extenders are usually either glycols with 1◦ OH groups or amines, they are
often the most reactive species in a formulation and will tend to react with the
isocyanate before the high-molecular-weight polyols. This result is the formation
of hard segments of random length: some long, some short. There is no control
over hard-segment chain length and, as a result, the hard-block domain sizes are
highly disperse as well.

The prepolymer method involves a different sequence of reactions. As a first
step, a diisocyanate is reacted with a high-molecular-weight diol to form an
NCO-terminated prepolymer of low NCO group concentration (Scheme 4.9b).
The prepolymer is then reacted with a chain extender to yield the cured polymer.
This second step is often referred to as chain extension because it links the high-
molecular-weight prepolymer chains together. Since a prepolymer is synthesized
in a separate reaction prior to forming the final polymer, this method is also called
the two-shot technique. By creating the prepolymer, most of the diisocyanate
molecules are bound to the end of a long polyol chain. Upon chain extension,
the remaining NCO groups are reacted, creating uniform hard segments of one
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• Extra-large hard blocks may coagulate (especially with urea).

Scheme 4.9a One-shot technique and molecular structure.

chain extender and two isocyanate units. This, in turn, tends to result in hard-
block domains of relatively small, uniform size, as represented in Scheme 4.9b.
Compared to the one-shot method, the hard segments are relatively short (almost
exclusively composed of two diisocyanate and one chain extender molecule) and
numerous. This molecular regularity results in better material physical properties.
In fact, using the same reactants in the same molar ratios, radically different
materials can be synthesized by the two techniques.

Prepolymer-based elastomers, fibers, and thermoplastics are known for excel-
lent dynamic properties, cut resistance, and tear strength. One-shot elastomers,
although not quite as good in terms of physical properties, do have the important
advantage that they tend to be easier to work with because the high-molecular-
weight, high-viscosity (or solid) prepolymers are avoided. These processing tech-
niques are discussed in more detail in Section 4.3.2.1. How the hard and soft
segments interact to influence physical properties is discussed in the next section.

4.2.3 Domain Morphology and Phase Separation

Considerations of the primary chemical structure (e.g., molecular composition,
backbone microstructure, chain length, crosslinking) of urethane polymers are
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Scheme 4.9b Prepolymer (two-shot) technique and molecular structure.

discussed in Section 4.2.2. In this section, hard-block/soft-block domain morphol-
ogy (secondary structure) and phase segregation (tertiary structure) are presented
with the objective of showing how they can be manipulated in designing mate-
rials. These topics are only important in segmented polymers such as fibers,
thermoplastics, and cast elastomers. Monophase and phase-mixed materials are
discussed later in this section.

The representation of hard-block domain structure shown in Scheme 4.8,
implying rigid, crystallike molecular order, can be misleading because hard
blocks are, at best, microcrystalline (as are soft blocks). Although microcrys-
tallinity can be readily obtained, it requires careful selection of raw materials,



STRUCTURE–PROPERTY RELATIONSHIPS 219

processing parameters, and cure conditions. The hard-block domains are usu-
ally better represented as a conglomeration of noncrystalline, hydrogen-bonded
regions of high urethane/urea concentration. They are more reminiscent of polar
water droplets (the hard blocks) in nonpolar oil (the soft blocks). The illustration
in Scheme 4.8 is meant only to portray the relative order and rigidity within
the hard block compared to the relative disorder and flexibility within the soft
block. This imparity in domain structure and physical characteristics can have
important bearing on material properties and adds another level of sophistication
to polyurethane material design.

The backbone hard and soft segments have different characteristics, and their
composition and relative ratio are manipulated to achieve desired polymer prop-
erties. The hard segment of the molecule is relatively polar and rigid due to the
urethane/urea groups and the short, inflexible combination of chain extender and
diisocyanate. Raising the proportion of hard segments tends to increase the poly-
mer’s glass transition temperature, softening temperature, and solvent resistance.

If the material is prepared properly, the hard and soft segments of the poly-
mer matrix will segregate into respective hard- and soft-block phases because
of their immiscibility. In most materials the soft block forms the continuous
phase because the polyol soft segments usually make up the majority of the
formulation on a weight basis. Therefore, the relatively small hard blocks are dis-
persed throughout the soft-block phase and act as a kind of filler, or toughening
agent. This is analogous to other biphase polymeric materials, such as acryloni-
trile–butadiene–styrene (ABS) and high-impact polystyrene (HIPS). Hard-block
concentration is increased by incorporating more hard segments into the poly-
mer backbone and by proper synthetic procedure and cure/postcure conditions.
The hard blocks are critically important for dynamic properties and serve to
increase hardness, cut and abrasion resistance, tear strength, and impact resis-
tance but will also decrease resiliency and elongation. This phase separation
is the reason for the unbeatable physical properties of urethane elastomers and
elastomeric fibers.

Hard-block structure and magnitude of phase segregation are influenced by
molecular composition of the isocyanate and chain extender, extent of H bond-
ing, soft-segment composition and compatibility with the hard segment, synthetic
preparation method, and cure conditions. Starting with the isocyanate, it is appar-
ent that 4,4′-MDI (Scheme 4.2) should be capable of forming good-quality hard
blocks with a suitable chain extender because of its relative molecular linearity
and symmetry. In fact, this compound is widely utilized as the preeminent iso-
cyanate for high-performance, phase-separated elastomers. Other diisocyanates,
such as TDI and IPDI, are not as effective at hard-block formation due to their
nonlinear, bulky structures. Polymeric MDIs are also not a good choice because
their contribution to crosslinking will tend to immobilize polymer chains and
inhibit phase separation. The influence of chain extender structure follows trends
similar to those of the isocyanate; hard-block formation and phase separation
are facilitated by extenders that are linear and symmetrical. Good examples
are 1,4-butanediol and hydroquinone-bis(β-hydroxyethyl)ether, both widely used
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in cast elastomers. These and other prevalent chain extenders are illustrated
in Scheme 4.5.

Common wisdom states that H bonding is another important factor influenc-
ing extent and quality of hard-block formation. However, studies have shown
that specially designed model polymers devoid of H-bonding sites are not only
biphase but can have excellent physical properties as well.2d,e In fact, standard
urethane and urea groups cause degradation reactions at relatively mild temper-
atures (ca. 150–200◦C) and are the weak link that limits the high-temperature
applicability of polyurethanes. The non-H-bonding polymers are stable up to
300◦C. Such well-defined model systems are of great academic value and help
us to better understand standard urethanes and ureas but have not found commer-
cial application because their synthetic routes are too cumbersome. Nonetheless,
the presence of hydrogen bonding and polar urethane and urea linkages are advan-
tageous. Each urethane group has one N−H bond, but urea units contain two and
therefore contribute twice the H-bonding power. Incorporation of urea groups into
the polymer matrix can enhance many important properties such as hardness, tear
strength, adhesion, and solvent resistance because the additional intermolecular
forces hold the entire matrix together more effectively.

The soft-segment composition also strongly influences the degree of phase
separation. Polyols with a functionality of 3 or greater contribute to crosslink-
ing, which restricts molecular mobility and phase separation. Miscibility of the
polyol with the isocyanate/chain extender hard segment is also important because
polyol chains of relatively high polarity, such as polyesters, will tend to mix
more with the polar hard segments. The carbonyl-containing polyester polyols
will further boost phase mixing by H bonding with the hard segments. There-
fore, for optimum hard-block/soft-block phase separation, relatively nonpolar,
high-molecular-weight diols are used (MW ≈ 2000 g/m). High molecular weight
is important because it will make the polyol even less compatible with the hard
segments. Low-molecular-weight polyols, or even polyols with high polydisper-
sity (such as polyesters), will tend to phase mix more. Polytetramethylene glycols
(C4 ethers) are especially effective because of their incompatibility with hard seg-
ments, even though they do have high polydispersity. Polypropylene polyols also
work well and are very common in elastomer formulations.

For optimum two-phase morphology the method by which the material is
prepared and the conditions under which it is cured are critical. The full pre-
polymer method using diisocyanate prepolymers and linear chain extenders is
how phase-separated elastomers with superb dynamic properties are synthesized.
High-temperature annealing (postcuring) provides the energy needed for the hard
segments to realign and pack, breaking and remaking H bonds to increase molec-
ular order. This process not only improves the “quality” of the hard blocks but
also provides for maximum phase separation and physical property buildup.

Phase separation is usually only important in elastomers, thermoplastics, and
fibers with excellent mechanical properties for applications like conveyor belts,
tool housings, and spandex textiles. For many other material types, such as foams
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and coatings, phase separation is not an issue because these materials are usu-
ally prepared from polyols and polyisocyanates without the use of traditional
chain extenders. By definition, polymer hard segments are formed from diiso-
cyanates and chain extenders to form relatively rigid and polar linkages capable
of intermolecular H bonding. If no chain extender is used, there are no hard
segments and no phase separation into hard block domains. This is especially
true when low-molecular-weight polyols of high functionality are used in con-
junction with PMDI, such as for rigid foams. In these cases, chain extenders
would serve no purpose because the material is highly crosslinked and there
is no high-molecular-weight soft segment. Flexible foams are just the opposite:
they are made from high-molecular-weight, branched polyols and either TDI or
MDI, without any chain extender. In this case, the polymer matrix is composed
mostly of soft segment with a little urethane holding it all together. These and
other material types are nonsegmented, monophase polymers. Another example
is the early Perlon U fibers made from HDI and 1,4-butanediol (discussed in
Section 4.1.1), where the polymer backbone is composed entirely of hard seg-
ments, just isocyanate and chain extender.

Some coatings are designed to have high hard-segment content without phase
separation. This is obviously important in clear coatings where extensive phase
separation would cause the material to be opaque. High-functionality isocyanates
and polyols, such as HDI trimer (Scheme 4.2) and acrylic resins (Scheme 4.4),
are utilized to form tightly crosslinked networks for excellent physical properties
such as scratch resistance, solvent resistance, and high hardness. A more recent
development is the use of polyaspartic esters and aldimines as chain extenders
(Scheme 4.10). These compounds are viscosity reducers, which lessen the need
for volatile solvents, but they also react with isocyanates and become part of the
polymer matrix, hence their description as reactive diluents. The hard segments
they form are inhibited from hard-block formation and phase separation because
of their bulk, nonlinearity, and relative compatibility with the soft block. In this
way, optically clear coatings may be made with high urethane/urea content.
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Scheme 4.10 Polyaspartic esters and aldimine reactive diluents.

Even with elastomers, it is often desirable to phase mix the material for certain
combinations of physical properties. For example, elastomers with high hardness
and flexural modulus are prepared from polyisocyanates, polyols, and polyamines
of high functionality, creating a high crosslink density. Although polyol chains
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are present, if they are low molecular weight there is no real soft segment in the
matrix. Such materials are a concentrated mixture of hard segments, hard blocks,
low-molecular-weight polyol chains, and crosslinks.

4.3 SYNTHESIS AND MATERIAL CHARACTERIZATION

4.3.1 Chemistry and Catalysis

4.3.1.1 Preparation of Isocyanates

Isocyanates are manufactured on a large scale by direct, conventional phosgena-
tion of primary amines.1a,2a In this process, generalized in Scheme 4.11, the
amine (such as toluene diamine, TDA) is dissolved in an appropriate solvent and
then treated with excess phosgene. This exothermic reaction leads to a slurry
of partially-soluble carbamoyl chloride and is called cold phosgenation because
no external heating is required. The HCl by-product coordinates with available
amine to give an amine salt. In the second step, known as hot phosgenation, the
reaction mixture is heated, decomposing the carbamoyl chloride and amine salt
to generate isocyanate and free amine, respectively. A large excess of phosgene
is necessary to minimize urea side-product formation. Solvent, phosgene, and
HCl by-product are all carefully collected and recycled. There are several other
synthetic routes to isocyanates, some of them phosgene free.23
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Scheme 4.11 Isocyanates via direct, conventional phosgenation of primary amines.

4.3.1.2 Synthesis of Polyols and Polyamines

Polyols and polyamines are the most important coreactants for isocyanates. As
briefly outlined in Section 4.2.2, the two most common classes of urethane-grade
polyols are the polyethers and polyesters. In this section their synthesis and struc-
ture are discussed. Other polyol types, such as acrylic resins and polycarbonates,
are of more limited applicability and are not presented here.
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Polyether polyols are synthesized by ring-opening polymerization of alky-
lene oxides, most commonly EO and PO. Due to their hygroscopicity, all-EO
polyols (C2 ethers) are rarely utilized. Propylene oxide polyols (C3 ethers) are
much more common, but because of the lower reactivity of their secondary (2◦)
hydroxyls, they are often tipped with ethylene oxide. The resultant primary (1◦)
OH endgroups are more reactive toward isocyanates, reducing the demand for
catalysts and narrowing the reactivity gap between polyols and other reaction
mixture ingredients, such as chain extenders and crosslinkers. The synthesis of an
EO-capped, poly(propylene oxide) polyol is outlined in Scheme 4.12. The poly-
merization initiator is generated by partial KOH neutralization of the so-called
starter (i.e., glycerine or propylene glycol), the OH functionality of which deter-
mines the functionality of the final product. Propylene oxide is oligomerized first,
followed by ethylene oxide. It is difficult to cap all of the 2◦ alkoxylate groups
because the 1◦ alkoxylates are so much more reactive toward the oxide. Reacid-
ification followed by filtration and drying yields the finished product. Molecular
weights in conventional polyols range up to about 6000 g/m. In this traditional
synthetic route, a common side reaction is chain termination via proton abstrac-
tion. This limits molecular weight buildup, increases polydispersity, and generates
allyl alkoxides which initiate polymerization to yield oligomeric “monols” with
unsaturated endgroups. This is especially important in high-molecular-weight
diols used in cast elastomers because the resultant monol species act as polymer-
ization terminators which can prevent realization of ultimate physical properties.
Furthermore, the double-bond functional groups can undergo unwanted reac-
tions, including degradation by ozonolysis and photolysis. These facts have led
to the development of new catalyst systems and processing technologies for the
manufacture of “ultralow-monol” polyether polyols.24

Poly(tetramethylene oxide) polyols (see Scheme 4.4) are a special class of
polyethers synthesized via acid-catalyzed ring-opening polymerization of tetrahy-
drofuran. Although less susceptible to side reactions, the synthesis of these C4

ethers is less flexible in terms of product composition and structure. Thus, because
of this synthetic route, only two-functional glycols are available and copolymers
are not readily available. Molecular weights of commercial C4 glycols range up
to about 3000 g/m.

The ATPEs have a poly(propylene oxide) backbone with amine endgroups,
as shown in Scheme 4.4. There are several routes to such materials,25 but the
only one in current commercial production is the direct amination of polyether
polyols. A line of urethane-grade ATPEs is made by Huntsman under the trade-
name Jeffamine. Mono-, di-, and trifunctional products are available in molecular
weights up to 5000 g/m.

Polyester polyols (Scheme 4.4) are prepared by condensation polymerization
of dicarboxylic acids and diols. An excess of diol ensures OH functional product,
minimizing the possibility of residual acid groups which react with isocyanates to
generate CO2 and act as inhibitors in catalyzed urethane reactions. The reactants
are heated at 200–230◦C under vacuum to remove the water by-product and
drive the reaction to completion. The most common coreactants include adipic
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Scheme 4.12 Conventional synthesis of polyether polyols via base-catalyzed
ring-opening polymerization of alkylene oxides.

acid, phthalic anhydride, ethylene glycol, butylene glycol, and hexane glycol.
Functionality higher than 2 is achieved by adding a polyfunctional alcohol, such
as trimethylol propane (TMP).

4.3.1.3 Reaction of Isocyanates with Alcohols and Amines

Polyurethane chemistry revolves around reactions of the isocyanate functional
group. The influence of aromaticity and steric hindrance on isocyanate reactivity
was briefly discussed in Section 4.2.2. The most important isocyanate reactions
are those with hydroxyl- and amine-containing compounds to form urethanes and
ureas, respectively (see Scheme 4.1). Primary, secondary, and tertiary alcohols
exhibit decreasing reactivity, in that order, due to increasing steric hindrance.
Tertiary alcohols can be several orders of magnitude slower than primary ones
but are rarely employed. Not only are phenols slow reacting with isocyanates, but
the urethane linkage obtained is thermally labile (see the discussion on blocked
isocyanates in Section 4.3.2.3). Catalysts and/or elevated temperatures are usu-
ally required to drive the NCO–OH reactions to completion. The most common
catalysts are Lewis acids and bases, especially Sn4+ and Sn2+ compounds, and
tertiary amines. The isocyanate–hydroxyl reaction leads to solidification and
development of polymeric properties, so compounds which strongly catalyze
this are often referred to as gellation catalysts (discussed in more detail in
Section 4.3.1.7).

Primary and secondary amines react readily with isocyanates without added
catalyst due to their inherent nucleophilicity. As with hydroxyl compounds,
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aromatic amines are slower than aliphatics because of electron delocalization.
Electron-withdrawing groups ortho or para to the aromatic amine moiety reduce
nucleophilicity even further. Primary amines are generally more reactive than the
more hindered secondary amines. These trends allow a high degree of control
over the reactivity of amines toward isocyanates and can be utilized to design
formulations with specific processing characteristics. An illustration of this is
Example 10 in Section 4.4, which describes the use of an aromatic diamine as a
reactive thickening agent.

4.3.1.4 Reaction of Isocyanates with Water and Carboxylic Acids

Isocyanates react with water to form the corresponding primary amine and car-
bon dioxide (Scheme 4.13). The amine formed will react with any available
isocyanate to form a urea linkage. This reaction can serve many useful pur-
poses. One example is to use water as a blowing agent in foam formulations.
Such water-blown foams are becoming more common due to increasing pressure
to reduce the use of traditional halogenated blowing agents (see Section 4.1.3).
Water is often used as a coblowing agent in flexible foams because the urea groups
it generates help to increase product hardness, resulting in higher load-bearing
capacity. The isocyanate–water reaction is also taken advantage of in moisture-
cured systems, including coatings, adhesives, sealants, binders, and encapsulants.
In other ways this reaction can be a severe nuisance, such as in elastomers
and coatings, where, for example, CO2 bubbles can cause surface defects and
degrade mechanical properties. The NCO–H2O reaction is catalyzed by many
tertiary amines which are often referred to as blowing catalysts. Good examples
are bis(dimethylaminoethyl)ether and N ,N -dimorpholinodiethyl ether (DMDEE).
See Section 4.3.1.7.

R N C O

H2O R′CO2H

R NH2  +  CO2 H

NR C

O

R′  +  CO2

Scheme 4.13 Reaction of isocyanates with water and carboxylic acids.

Isocyanates react with carboxylic acids to form amides, ureas, anhydrides, and
carbon dioxide, depending on reaction conditions and the structure of the starting
materials (Scheme 4.13). Aliphatic isocyanates more readily give amides. Aro-
matic isocyanates tend to react with carboxylic acids to first generate anhydrides
and ureas, which at elevated temperatures (ca. 160◦C) may further react to give
amides. In practice, the isocyanate reaction with carboxylic acid is rarely utilized
deliberately but can be an unwanted side reaction resulting from residual CO2H
functionality in polyester polyols.
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4.3.1.5 NCO–NCO Reactions: Dimerization, Trimerization, and
Carbodiimidization

Isocyanates also undergo dimerization and trimerization reactions which can be
useful in many ways (Scheme 4.14). 4,4′-MDI will slowly dimerize to the uret-
dione upon standing in the solid or liquid state; to reduce the rate of dimer
formation, it is stored either as a refrigerated solid (<15◦C) or as a molten liquid
just above its melting point of 39◦C. In this case, formation of the insoluble
dimer is an unwanted side reaction which creates turbidity and precipitation.
Dimerization can be utilized, however, to modify physical properties, such as
depressing the melting point or reducing the volatility of an isocyanate (see
Section 4.2.2), or to make “blocked” isocyanates (Section 4.3.2.3). Dimerization
is strongly catalyzed by trialkylphosphines.

R N C O

N

C N

C

R O

O R

Uretdione
("dimer")

N C

N

CN

CO R

OR

R O

Isocyanurate
("trimer")

Scheme 4.14 Dimerization and trimerization of isocyanates.

Trimerization to isocyanurates (Scheme 4.14) is commonly used as a method
for modifying the physical properties of both raw materials and polymeric prod-
ucts. For example, trimerization of aliphatic isocyanates is used to increase
monomer functionality and reduce volatility (Section 4.2.2). This is especially
important in raw materials for coatings applications where higher functionality
is needed for crosslinking and decreased volatility is essential to reduce VOCs.
Another application is rigid isocyanurate foams for insulation and structural sup-
port (Section 4.1.1) where trimerization is utilized to increase thermal stability
and reduce combustibility and smoke formation. Effective trimer catalysts include
potassium salts of carboxylic acids and quaternary ammonium salts for aliphatic
isocyanates and Mannich bases for aromatic isocyanates.

Carbodiimide functionality can be produced by reacting isocyanates at ele-
vated temperature with proper catalysis (Scheme 4.15). Although carbodiimides
undergo a variety of reactions,2a most commonly as dehydrating agents, in the
presence of excess isocyanate they will form uretone imines. This not only
increases the average functionality of the isocyanate product but also lowers its
freezing point. For example, a “liquefied” (or modified) version of 4,4′-MDI can
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be made by converting a small portion of the NCO groups to carbodiimide (which
combines with excess NCO upon cooling to form uretone imine). As discussed
previously in Section 4.2.2, such products are more convenient for processors
because they freeze below room temperature and do not form dimer as readily as
unmodified 4,4′-MDI. Phospholines and phospholine oxides are good catalysts
for carbodiimidization.

OCN

R N C O

N CR O

OCN
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Scheme 4.15 Carbodiimidization of isocyanates and formation of uretone imines.

4.3.1.6 Secondary Reactions: Allophanates and Biurets

Urethane and urea linkages contain acidic protons capable of reacting with iso-
cyanates at high temperatures. As shown in Scheme 4.16, urethanes react with
isocyanates to form allophanate groups, while ureas give biurets. These reac-
tions have become useful for modifying isocyanate raw materials. For example,
allophanate modification is another route to liquefied 4,4′-MDI.26 Similarly, HDI
can be converted to biuret form (see biuret of HDI, Scheme 4.2), which increases
functionality and reduces volatility.27 Allophanate and biuret formation can also
be an important consideration for thermal curing of elastomers. Polyurethanes
and polyureas cured with an excess of isocyanate at high temperature (>120◦C
for urethanes; >100◦C for the more nucleophilic ureas) for extended periods
(12–18 h) can form allophanate and biuret crosslinks. Such reactions contribute
to the buildup of physical properties, including hardness, modulus, and tear
strength. Catalysts such as zinc acetylacetonate allow these secondary reactions
to proceed at milder temperatures.

4.3.1.7 Catalysts for Gellation and Blowing

Appropriate catalysts for the reactions discussed in Sections 4.3.1.2–4.3.1.6 were
briefly mentioned. Here, catalysts for the NCO–OH (gellation) and NCO–H2O
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Scheme 4.16 Reactions of urethane and urea groups to form allophanates and biurets.

(blowing) reactions are discussed in more detail because they are the most
important to the urethane chemist. Catalysts are utilized in the vast majority of
urethane formulations, and their proper selection and use are critical to achieving
desired physical properties and processing characteristics. Furthermore, because
polyurethanes are amenable to so many material types and processing techniques,
the demands placed on catalysts are much greater than with other polymers.
Thus, the need to fine-tune reactivity profiles and physical properties has given
rise to a large number of urethane catalyst products. Knowledge of the cata-
lysts available, the reactions they promote, and the mechanisms by which they
function is essential for successful system design. For these reasons and because
there are few modern general reviews of polyurethane catalysis,28a – c,f a broad
overview of the subject is presented here. The cited publications provide more
detailed examinations.2a,11a,b,28 – 37 Reference 11b contains an excellent — though
dated — listing of common urethane catalysts, including tradenames, applications,
and molecular structures.

The tertiary amines are the largest and most versatile class of urethane
catalysts.2a,28,29 They catalyze both gellation and blowing reactions and are
used extensively in the industry. Two proposed mechanisms by which tertiary
amines may catalyze these reactions are outlined in Scheme 4.17. In the
first,28a,f,j,29a,30c the amine and alcohol interact via a hydrogen bond, weakening
and lengthening the O−H bond, making the oxygen atom more nucleophilic,
and enhancing the likelihood of attack across the C=N bond. The second
mechanism2a,28i,30c involves activation of the isocyanate carbon atom by Lewis
acid–base coordination with the amine, exposing it to nucleophilic attack. The
O−H group then adds across the C=N bond to form the urethane linkage and
regenerate the catalyst.

More important than the mechanism by which the tertiary amine catalysts func-
tion is how their molecular structure influences catalytic activity and selectivity
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Scheme 4.17 Proposed mechanisms for amine catalyzation of the NCO/OH reaction.

of the gellation and blowing reactions. Their activity (or ability to promote a
given reaction) depends on Lewis basicity and steric hindrance, with the lat-
ter being the overwhelming factor. For example, the protonated forms of N ,N -
dimethylcyclohexylamine (DMCHA) and N ,N -diethylcyclohexylamine (DECHA,
Scheme 4.18) have about the same pKa values (10.1 and 10.0, respectively). How-
ever, the less sterically hindered methylated molecule is more effective in catalyzing
the reaction of PhNCO and n-BuOH (6.0 for DMCHA versus 0.7 for DECHA,
relative reaction rate). By contrast, protonated N -methyl piperidine and N -methyl
morpholine have different acidities (pKa of 10.08 vs. 7.41, respectively) but should
have essentially the same steric accessibility about the nitrogen atom. The more
effective catalyst for the PhNCO–2-ethyl hexanol reaction is N -methyl piperi-
dine (6.0 vs. 1.0, relative rate for N -methyl piperidine and N -methyl morpholine,
respectively) because its protonated form is a weaker acid (the neutral molecule is
a stronger base).29d

The propensity of a given 3◦ amine to more strongly catalyze either gellation
or blowing is referred to as blow-to-gel selectivity. This may be understood in
terms of both the ability of the molecule to coordinate and hold water and reagent
accessibility to the active nitrogen center. Five examples of amine catalysts are
illustrated in Scheme 4.19 in order of selectivity, from high blowing selectivity
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Scheme 4.18 Examples of tertiary amine catalysts.

to high gellation selectivity (top to bottom). At the top is the highly selective
blowing catalyst N ,N ′-dimorpholinodiethyl ether (DMDEE). With two nitrogen
and three oxygen atoms, this compound contains five potential hydrogen-bonding
sites. Furthermore, multidentate chelation of H2O is possible between the cen-
tral etheric oxygen and the two morpholino nitrogen atoms, as illustrated in
Scheme 4.19. Reaction between isocyanate and H2O is more likely using this
catalyst because of its coordination of water, holding it in close proximity to
the catalytically active amine centers. The sterically hindered nitrogen atoms
may also impede access of the relatively large isocyanate and alcohol reactants
while the small H2O molecule is comparatively unaffected, thus favoring the
isocyanate–water reaction.

Bis(2-dimethylaminoethyl)ether (BDMAEE, Scheme 4.19) is another common
catalyst with a strong preference for blowing,29b but its selectivity is not quite as
high as that of DMDEE. Although BDMAEE effectively chelates water, it does
not have as many H-bonding sites as DMDEE and so is not as selective. The
NMe2 nitrogen centers in BDMAEE are also less sterically hindered than the mor-
pholino N atoms in DMDEE, allowing better access by isocyanate and alcohol.

Decreasing intermolecular forces between catalyst and water results in a higher
preference for the NCO–OH gellation reaction. For example, N ,N ,N ′,N ′′,N ′′-
pentamethyldiethylene triamine (PMDETA, Scheme 4.19) is structurally similar
to BDMAEE but has a slightly lower preference for blowing. This is because
the methyl group on the central nitrogen atom in PMDETA will tend to ster-
ically hinder H bonding (especially when inversion is considered) whereas the
2-coordinate oxygen in BDMAEE is relatively unencumbered. Another example
is N ,N ,N ′,N ′′,N ′′-pentamethyldipropylene triamine (PMDPTA, Scheme 4.19),
which has a greater preference for gellation. In this molecule, the active amine
centers are separated by propylene bridges as opposed to the ethylene units in
PMDETA. The additional CH2 group places the amine centers further apart,
making chelation with water entropically less favorable.

Triethylene diamine (TEDA; also known as 1,4-diazabicyclo[2.2.2]octane, or
DABCO) is a powerful catalyst with a high selectivity for gellation. One reason
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for this selectivity is the molecular structure does not allow multidentate chelation
of water so there is relatively little enhancement of the proximity of water and
isocyanate (Scheme 4.19). Another reason for the gellation preference is that
the lone-pair electrons at nitrogen are relatively unencumbered and more basic
because the three ethylene groups are held rigidly in place between the nitrogen
atoms. This makes coordination of the larger isocyanate and alcohol reactants to
the amine groups much easier, facilitating the NCO–OH reaction.

Organo–tin compounds are the next largest category of urethane catalysts.28,30

They are utilized exclusively as gellation catalysts, although they can very weakly
catalyze the NCO–H2O reaction. Some examples of tin catalysts are shown in
Scheme 4.20. There is no general consensus regarding exactly how these com-
pounds promote the isocyanate–hydroxyl reaction, but they may function via an
insertion mechanism, as illustrated in Scheme 4.21. This mechanism30a involves
alcoholysis of the R2SnX2 compound, resulting in the formation of a tin alkox-
ide, R2Sn(X)OR′, the actual catalytic species. The isocyanate then coordinates to
the metal atom in R2Sn(X)OR′ and inserts into the Sn−O bond (hence the term
insertion mechanism). Displacement of the carbamate by incoming R′OH forms
the urethane group and regenerates the alkoxide. Another possible mechanism
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involves Lewis acid–base coordination of the isocyanate group to the tin atom
(Scheme 4.21).28g,i,j This polarizes the NCO group, placing a higher average pos-
itive charge on the carbon atom and enhancing nucleophilic attack by alcohol.
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Scheme 4.20 Examples of organo-tin catalysts.

The catalytic effectiveness of the Sn4+ compounds depends on a balance of
Lewis acidity and steric hindrance. Dibutyltin dilaurate (DBTDL, Scheme 4.20)
is a very strong gellation catalyst and is widely used in the industry. One theory
for its effectiveness is that the electron-withdrawing carboxylate groups enhance
the Lewis acidity of the metal center while the relatively small butyl groups do
not unduly hinder NCO access to the tin 5d orbitals. Furthermore, it may be that
the structure of the molecule allows isocyanate access but limits coordination
to the carbonyl groups of the formed urethane linkages, which would tend to
remove it from the catalytic process and limit its effectiveness.28g By contrast,
dioctyltin dilaurate is somewhat “slower” than DBTDL due to the larger, more
sterically demanding octyl groups.

The tin mercaptides and tin mercaptoacetates are considered to be delayed-
action catalysts, at least in comparison to the tin carboxylates. An example
of each type is shown in Scheme 4.20: dibutyltin didodecylmercaptide and
diisooctyltin diisooctylmercaptoacetate. Possible explanations for their delayed
action are that they have lower Lewis acidity and that it is more difficult for the
isocyanate group to insert into the stronger Sn−S bond. Whatever the mechanism,
these catalysts provide delayed reactivity for lengthened gel time (also called pot
life or working time). They are also more hydrolytically stable compared to the
tin carboxylates and are utilized in systems where exposure to water is an issue,
such as in waterborne coatings.

The Sn4+ compounds discussed above are the largest class of tin catalysts in
terms of the number of commercial products available. Another category is the
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Sn2+ compounds, such as stannous octoate (Scheme 4.20), a gellation catalyst
widely used in the slabstock foam industry. Its sensitivity to air and moisture is
considered an advantage because the compound rapidly decomposes after foam
formation, preventing thermocatalytic degradation such as during the curing stage
where slabstock foams can generate high exotherm temperatures. Flexible slabstock
foam formulations contain water in the polyol as a blowing agent, so stannous
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octoate must be added in a third stream at the point of mixing isocyanate and
polyol. It is a cost-effective catalyst because of the molecule’s high tin content.

There is a well-known synergism between tin compounds and tertiary amines
whereby mixtures of the two can be more effective than either one alone.28a,d,f,g,k

This is often taken advantage of to reduce catalyst usage, especially in slabstock
foams where, for example, stannous octoate is used for gellation in combina-
tion with bis(2-dimethylaminoethyl)ether for blowing. A mechanism which may
explain this synergism is shown in Scheme 4.22. In this scenario,28a,g the isocyanate
coordinates to the tin catalyst while the amine hydrogen bonds with the alcohol,
“activating” both isocyanate and alcohol and enhancing the likelihood of their reac-
tion. This lends credence to the Lewis acid–base mechanism shown in Scheme 4.21
and the H-bonding mechanism in Scheme 4.17. A tin–amine coordination complex
(R3N → SnR2X2) has also been proposed as an activated catalytic species.31
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Scheme 4.22 Proposed mechanism for the tin–amine catalytic synergism.

It is often desirable to retard the onset of gellation and blowing reactions in
order to extend the working time available to process a given formulation, so as
to fill a large mold or apply a coating. Then, at some appropriate point in the pro-
cess, the catalyst (or catalyst mixture) becomes “active” and begins to strongly
promote blowing, gellation, or both. This often results in a compromise between
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putting off chemical reactions in the early stages of a process (front-end reactions)
yet vigorously enhancing curing reactions later on to provide rapid physical prop-
erty build-up (back-end cure). Maximizing working time while minimizing time
to final cure often requires the use of special, delayed-action catalysts.28b,32 In
the past, organomercury compounds (i.e., phenyl mercuric acetate) served as the
industry benchmark for delayed-action gellation catalysts in the CASE (coatings,
adhesives, sealants, and elastomers) area. These compounds provided long induc-
tion times followed by sharp back-end cure profiles. Their high toxicity, however,
has caused them to be phased out, although they are still in limited use. Direct
substitutes for mercury catalysts have been elusive. As mentioned above, the
tin mercaptides and mercaptoacetates are considered delayed action, but only in
comparison to the front-end tin carboxylates. Other delayed-action organometallic
compounds available commercially include nickel acetylacetonate32a and bismuth
and zinc carboxylates.32c There are many other reports of catalysts and methods
for delaying system reactivity. Examples include dithiastannetanes,33 encapsu-
lated amines,34 and complexation of organometallic compounds with amines,35

pentanedione,36 and mercaptans.32a

Perhaps the largest category of delayed-action catalysts is the blocked amines,
formed by complexation of tertiary amines with acidic compounds such as formic
acid, 2-ethylhexanoic acid, or phenol.28b,32a,b These ammonium salts are heat acti-
vated and dissociate to the acid and free amine upon exposure to elevated tem-
perature. They were originally designed for the foam industry, where pouring and
molding operations required longer processing times. However, blocked amines
have found broad use in many nonfoam applications, including elastomers and
adhesives. There are no apparent trends regarding activation temperature (or delay-
ing effect) and the structure of the amine or the acid used.32b

The discussion above is largely geared toward catalysis of aromatic isocyanate
reactions. There can be important differences in the way catalysts act on the var-
ious aromatic isocyanate types, especially between MDI and TDI. Some reports
have described these differences,28e,29b but finding the right catalyst and concen-
tration is at least partially trial and error. It is also important to note that aliphatic
isocyanates have their own special catalytic requirements.35,37 First, amine cat-
alysts are generally not effective with aliphatic isocyanates, although they are
occasionally used in special situations. Strong organometallic catalysts such as
dibutyltin dilaurate, dimethyltin diacetate, and zinc octoate are commonly used
in such systems because of the reduced reactivity of aliphatic isocyanates com-
pared to the aromatics (see Section 4.2.2). Also, coating formulations are often
aqueous, and this restricts the number and type of employable catalysts. For
such waterborne systems, tin mercaptides are often used because of their good
hydrolysis resistance.

Catalysts are almost always required in polyurethane formulations because
the NCO–OH reaction is generally slow at ambient temperature. There are
situations, however, where catalysts may not be necessary. For example, in all-
urea systems additional catalyst is often not needed for the highly reactive 1◦

and 2◦ amine coreactants used and because curing is facilitated by the high
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exotherms these formulations tend to generate. This can be true in polyurea
cast elastomers,38a spray elastomers,38b,c and even reaction injection-molding
systems.38d Another situation where catalysts may not be necessary is in auto-
catalytic formulations where the catalyst is built into the raw materials. The
most common example is amine-started polyols (Section 4.3.1.2). Starters like
triethanolamine and ethylenediamine create tertiary amine groups as an integral
part of the polyol molecule, and these act as any other amine catalyst, promoting
both gellation and blowing. This can reduce or eliminate the need for additional
catalysts but can also make systems using amine-started polyols more sensitive
to atmospheric moisture.

4.3.2 Synthetic Methods

Synthetic techniques and application methods are presented here in a general
fashion, covering broad topics relevant to both the laboratory and manufacturing
plant. Specific processes, such as reaction injection molding, rotational casting,
and rubber compounding, are beyond the scope and purpose of this book and are
amply reviewed elsewhere.1a In this section, considerations pertaining to the field
of polyurethanes as a whole are discussed because they are important in selecting
materials and designing systems. Specific examples can be found in Section 4.4.

4.3.2.1 One- and Two-Shot Techniques

The various ways of synthesizing and applying urethanes can generally be delin-
eated into two categories: one- and two-shot methods. These were discussed at
length in Sections 4.2.2 and 4.2.3 in terms of their effect on polymer microstruc-
ture and properties of elastomers and fibers (see Schemes 4.9a and b). The most
apparent difference between them is the sequence of raw material addition. The
two-shot method involves prereaction of raw diisocyanate (such as MDI) and
high-molecular-weight diol (MW ≈ 2000–4000) to give an A-stage intermediate
product. This product is called a prepolymer, and this technique is also known as
the prepolymer method. The prepolymer contains relatively few unreacted NCO
groups, usually from about 3% to about 10% by weight. Products of such low
%NCO content are also called full prepolymers to distinguish them from quasi-
prepolymers (ca. 10–20% NCO), modified isocyanates (ca. 20–28% NCO), and
unmodified isocyanates (usually >28% NCO). Compared to other isocyanate
products, prepolymers are usually higher in molecular weight and viscosity. Some
prepolymers, especially those based on polyester polyols, are solid at room tem-
perature. Because of this, prepolymers are typically heated during processing,
usually at about 80◦C. Heating is necessary not only to melt the prepolymer
and/or reduce its viscosity but also to achieve desired physical properties in the
final product. This is especially true of cast elastomers where tight control of
reactant, mold, and cure temperatures can be vitally important. Another differ-
ence between the one- and two-shot techniques is that full prepolymers are cured
by chain extending with a low-molecular-weight diol or diamine (Section 4.2.2
and Scheme 4.5). Reaction ratios are usually about 10 : 1 by volume, prepolymer
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to chain extender, because there are only a few free NCO groups left to react in
the prepolymer. Therefore, even small deviations in reactant ratio can cause large
variations in the molar ratio of NCO–OH (reaction “index”), which can strongly
influence material properties. Such high volume ratios require very accurate pro-
cessing equipment.

In the one-shot technique isocyanate, polyol, and all other ingredients are
mixed together in one step to form the final material or part. There is no inter-
mediate prepolymer, although modified isocyanates are often used. Compared
to prepolymer systems, one-shots are usually lower in viscosity, processed at
lower temperatures, and reacted at lower volume ratios (often close to 1 : 1) and
do not have such stringent curing and postcuring requirements. Also, because
isocyanates of relatively high NCO content are used, the raw materials do not
require the same exacting specifications as full prepolymers. These things make
one-shot processes much more “user friendly” and are why the vast majority of
urethane materials are made using this technique.

There is another method, called the quasi-prepolymer technique, which is
similar to the full-prepolymer process but utilizes prereacted isocyanates in the
10–20% NCO range. This eases processing compared to full-prepolymer sys-
tems, requiring lower temperatures and volume ratios typically from 4 : 1 to
nearly 1 : 1 (polyol to isocyanate).

The full-prepolymer, quasi-prepolymer, and one-shot techniques may appear to
be quite similar, but they each have important bearing on equipment requirements
and physical properties. The full-prepolymer method, for example, is the process
of choice for making high-performance cast elastomers with superb dynamic
properties, such as industrial bumpers and bushings. Quasi-prepolymers are used
in less demanding applications like shoe soles, adhesives, and spray elastomers.
One-shots make up the rest, including most foams and elastomers.

4.3.2.2 Solvent-borne, Water-borne, and 100% Solids Formulations

Almost all urethane materials are synthesized without the use of solvents or
water as diluents or carriers and are referred to as being 100% solids. This is
true of all foams and elastomers. There are many products, however, which
do utilize solvents or water, and these are known as solvent-borne and water-
borne systems, respectively. In the past, many coatings, adhesives, and binders
were formulated using a solvent to reduce viscosity and/or ease application.
However, the use of volatile solvents has been dramatically curtailed in favor
of more environmentally friendly water (see Section 4.1.3), and now there are
many aqueous coatings, adhesives, and associated raw materials. Hydrophilic
raw materials capable of being dispersed in water are called water reducible (or
water dispersible), meaning they are sufficiently hydrophilic so as to be readily
emulsified in water to form stable colloidal dispersions.

Two important methods by which isocyanates, polyols, and polyurethanes are
rendered water dispersible both involve incorporation of internal emulsifiers,
which serve to suspend the molecule in the aqueous phase.12c,f Ionic internal
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emulsifiers include sodium sulfonate or carboxylic acid groups which become
hydrophilic when neutralized with N(CH2CH3)3. This is illustrated in Scheme
4.23 with dimethylol propionic acid (DMPA) as the emulsifying group in an
NCO-terminated prepolymer. The CO2H group in DMPA is sufficiently hindered
that it does not react with isocyanate under typical reaction conditions. The car-
boxylic acid units are ionized when exposed to triethylamine, making the entire
prepolymer dispersible in water. After reacting with a water-reducible diamine
and application (of the coating, adhesive, or binder), the water and triethyl amine
volatilize, allowing the polymer to cure and rendering it hydrophobic. This is an
example of the prepolymer method used in an aqueous coating formulation.

A related technique involves incorporation of monofunctional poly(ethylene
oxide) chains as nonionic, internal emulsifier groups. Even PMDI can be dis-
persed in water using this nonionic method (Scheme 4.24). High-molecular-weight
(ca. 2000 g/m) monols are usually used which act as chain terminators and long,
hydrophilic tails which function as an emulsifying agent.

4.3.2.3 One- and Two-Component Systems

Most polyurethane formulations are two-component systems, meaning they are
made from two basic constituents which are mixed together and react to form the
final polymer. The two components are an isocyanate (or isocyanate blend) and a
polyol (or polyol blend). The isocyanate is often referred to as the “A side” and
the polyol the “B side”, although some use the opposite convention.

In special cases, urethanes can be formulated as one-component systems,
where there is only one ready-to-use constituent which is cured by heating, expo-
sure to atmospheric moisture, or some other method. These are also known as
one-pack or 1-K (after the German komponente) products. Materials amenable to
1-K technology are coatings, adhesives, sealants, and binders because these are
usually applied in thin cross section, allowing a high surface area so that water,
solvent, or volatile by-products can escape the polymer matrix upon curing. There
are several types of one-component formulations, including moisture-curable
isocyanates, blocked isocyanates, aqueous polyurethane dispersions, powder coat-
ings, and urethane alkyds, oils, and lacquers.

Moisture-cured isocyanates are commonly used in coatings, adhesives, sealants,
and binders. These rely on atmospheric moisture to react with free NCO groups,
forming primary amines and, subsequently, urea linkages. The NCO–H2O reac-
tion creates CO2, so the application must allow for gas release. For thin coatings,
adhesives, and binders, the CO2 can escape without creating bubbles. Sealants,
however, are usually applied in thicker cross section so gas liberation is more
difficult. In the low-% NCO prepolymers (usually about 3% NCO) used in sealant
formulations, the carbon dioxide may be absorbed by the polymer matrix and slowly
volatilized. One trick of the trade is to add powdered calcium oxide (lime) to absorb
the CO2 and prevent the formation of bubbles. Moisture-cured coatings are based
on either aliphatic or aromatic isocyanates. An example of a highly crosslinked
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Scheme 4.24 Polymeric MDI with a poly(ethylene oxide) internal emulsifier.

clear coating (“clearcoat”) based on a modified HDI is given in Example 7 in
Section 4.4. Moisture-cured adhesives, sealants, and binders are most often made
with aromatic isocyanates because the light stability of aliphatics is usually not
required. Moisture-cured adhesives and sealants are typically designed with MDI-
based polyether prepolymers of low %NCO (about 2–4% NCO). See Example 11
for a one-component, moisture-cured sealant. Binders are most often moisture
cured. They are usually made from aromatic prepolymers, modified isocyanates, or
even raw isocyanates. Example 12 is of a binder for wood using unmodified PMDI.

Blocked (or capped) isocyanates are stable and nonreactive at room temperature
but are reactivated when heated to regenerate or release the free isocyanate.39 They
can be blended with polyol and other ingredients to make a single-component,
ready-to-use system. One type of blocked isocyanate is prepared by reacting an
isocyanate with a suitable monofunctional compound to form a thermally labile
linkage. Common blocking agents include diethyl malonate, phenol, caprolactam,
and methylethyl ketoxime. Deblocking (or splitting) temperatures range from about
120 to 200◦C, depending on the isocyanate and blocking agent used. Blocked iso-
cyanates can also be made by dimerization (Section 4.3.1.5) to uretdione linkages
capable of dissociating at elevated temperature. The dimer of TDI (Desmodur TT,
Bayer AG) is a solid at room temperature and the free NCO groups do not begin
to react until the compound melts at 145◦C. At about 160◦C, the uretdione linkage
“splits,” regenerating free NCO and allowing the material to fully cure. Desmodur
TT is most often used as a latent vulcanizing agent in compoundable polyurethane
rubber formulations. Dimerization of aliphatic isocyanates is more complex, but
there is much interest in such materials in the coatings area.39c,d

Aqueous PUDs are water-dispersed (see Section 4.3.2.2), OH-terminated pre-
polymers. They are “fully reacted,” meaning there are no free NCO groups left
in the prepolymer. Being stable dispersions in water, they may be used as coat-
ings or adhesives which set upon drying and coagulation of the colloidal droplets
(one-shot systems). PUDs may also be used in 2-K formulations and cured with a
water-reducible isocyanate (two-shot process). Powder coatings are fine powders
containing everything needed to make a urethane coating: blocked isocyanate,
resinous polyol, pigments, and other additives. The powder is electrostatically
sprayed onto a grounded substrate and then heated to melt the powder, deblock
the isocyanate, and cure the coating. Urethane lacquers are similar to PUDs in
that they are fully reacted, OH-functional prepolymers but are dissolved in a
nonaqueous solvent. Stoving lacquers are blocked versions requiring relatively
high baking temperatures to split the blocked isocyanate and cure the coating.
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Urethane alkyds and urethane oils are oil and alkyd resin-modified polyurethanes
dissolved in a volatile solvent. Upon application and solvent evaporation, the
coating is crosslinked and cured via oxidation by atmospheric oxygen.

4.3.3 Analytical Techniques and Physical Testing

A detailed overview of the material characterization of polyurethanes and asso-
ciated raw materials is not possible within the scope of this chapter. Compre-
hensive treatments of physical property and mechanical testing1a,40 and chemical
analyses41 used in the industry are available elsewhere, and ref. 42 lists sources
on analysis and testing of polymeric materials in general. The first four categories
in the following discussion are compositional analysis, thermal characterization,
mechanical properties, and application testing. The focus of these sections is on
cured polymers, but a short discussion of the equally important subject of raw
material analysis is given at the end. Each of these subjects is worthy of an
entire volume, but they are briefly presented here in general terms to give some
appreciation for the scope of their application to urethanes.

4.3.3.1 Compositional Analysis

The chemistry of polyurethanes is very well understood, so conformation of
molecular composition and structure is usually not of importance. Nonetheless, it
is occasionally desirable to determine the composition (formulation) of a material
or to check a product’s molecular weight, free isocyanate content, and so on. The
first requirement is to determine if the polymer is a thermoplastic or thermoset
(if not already known). A thermoplastic, or any linear uncrosslinked polymer,
will usually be soluble in an appropriate solvent. If the polymer is dissoluble, it
can be analyzed directly and fully characterized by standard methods. Insoluble
thermosets, however, must be degraded and the solubilized by-products charac-
terized individually in order to perform a complete formulation analysis.43 It is
often possible to quantitatively and/or qualitatively identify certain components
without resorting to such degradation techniques. One example is analysis for free
NCO by infrared spectroscopy.41 However, full characterization of a thermoset
polyurethane requires that the crosslinked polymer be carefully “disassembled”
and the formulation deduced from the structure of each isolated component.
Examples of useful analytical techniques include nuclear magnetic resonance,
gel permeation chromatography, gas chromatography (often in combination with
mass spectroscopy), liquid chromatography, and infrared spectroscopy.

4.3.3.2 Thermal Analysis

Thermal and thermomechanical analyses44 are very important for determining
the upper and lower usage temperature of polymeric materials as well as show-
ing how they behave between those temperature extremes. An especially useful
thermal technique for polyurethanes is dynamic mechanical analysis (DMA).45

This is used to study dynamic viscoelastic properties and measures the ability to
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store and dissipate energy. It is also a sensitive method for measuring glass tran-
sition (Tg), melting transition (Tm), and softening (Tsoft) temperatures. In biphase
urethane polymers, the region between Tg and Tm or Tsoft is the practical use
temperature range, known as the “rubbery plateau” from the relatively constant
modulus. Heat distortion temperature (HDT) is another technique for measuring
softening point. The coefficient of linear thermal expansion (CLTE) is determined
in applications where thermal expansion and contraction are important consider-
ations. Thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) are also of occasional use, especially for elastomers.

4.3.3.3 Mechanical Properties

Determination of the mechanical properties of a cured polymer serves to char-
acterize its macroscopic (bulk) features such as flexibility and hardness. Using
standardized methods of the American Society for Testing and Materials (ASTM)
and the International Standards Organization (ISO) allows direct comparison to
other materials. The vast majority of polyurethane research and development
is conducted in industry where mechanical properties are of vital importance
because this information is used to design, evaluate, and market products. General
test categories are presented here with a few illustrative examples.

Tensile strength is a common test for elastomers and coatings. This mea-
sures the force versus deflection (amount of elongation) to the break point of a
small “dog bone”-shaped piece of the material. The resultant stress–strain curve
provides much information, including yield point, elongation at yield, ultimate
tensile strength, percent elongation at break, and stress at 100, 200, and/or 300%
elongation. Stress–strain behavior depends on the nature of the material, such as
whether it is hard or soft and the test rate.

Compression tests are routinely carried out on elastomers and foams of all
kinds. In compression testing, a squeezing force is applied to the entire cross
section of the sample. At a constant load application rate, the deformation and
load are simultaneously recorded to generate a compression stress–strain curve
which provides information regarding compression strength. The load removal
curve indicates resiliency and energy absorption (hysteresis). Such data are espe-
cially important for flexible foams used in seating and bedding, and several
specialized tests have been developed for these applications. Compression set
measures how much a material permanently deforms under long-term compres-
sion load and is commonly used for flexible foams and elastomers.

Flexural modulus is the force required to deform a material in the elastic bend-
ing region. It is essentially a way to characterize stiffness. Urethane elastomers
and rigid foams are usually tested in flexural mode via three-point bending and
the flexural (or “flex”) modulus is obtained from the initial, linear portion of the
resultant stress–strain curve.

There are several ways to measure a material’s resistance to tearing. In these
tests, the applied force is not distributed over the entire specimen but is concen-
trated on a slit or notch and the tear strength is reported as the force required to
propagate a tear from this point. For urethane elastomers and foams, the most
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common tear strength tests are Die C, Trouser and Split tear. These differ in the
shape of the test sample, the way in which the samples are torn, and the results
generated. The test chosen depends on the type of material; die C is used mainly
for solid elastomers, while trouser and split tear are more often used for foams
and microcellular materials.

Impact strength is a material’s resistance to fracture when a sudden force is
applied. This quantifies dynamic toughness and is also an indication of brittleness.
The most common impact strength tests for elastomers are Izod, Dart, and Charpy.
These differ in the size and shape of the sample, how it is held in place, and
the mode of impact. There is a larger selection of impact tests for coatings.
Since coatings are applied and tested on a substrate, these impact tests determine
not only resistance to cracking or fracture but also delamination and chipping.
Gardner impact is often used for evaluation of coatings whereby a coated metal
panel is struck with the coating facing either toward (direct impact) or away
from (reverse impact) the impact head. The gravelometer is a more specialized
instrument for automotive coatings where an abrasive “gravel” is sprayed at the
coating surface under air pressure as a way to simulate road conditions. The
coating is then checked for chipping, marring, scratching, and loss of gloss.

There are several ways in which hardness is quantified, depending on the
material and the physical property of importance. The most prevalent hardness
measurement for urethane polymers is resistance to plastic deformation using a
Shore hardness durometer (from Shore Manufacturing). A durometer measures
the penetration of a spring-loaded steel probe into the surface of the material.
The degree of penetration is calibrated to a built-in Shore hardness gauge. There
are several Shore hardness scales, the most common for polyurethanes being the
Shore A and Shore D scales for relatively soft and hard materials, respectively.
Coatings, however, are too thin for the penetration method and other techniques
must be used. A common hardness test for coatings is pencil hardness, where
the squared (90◦) tip of a lead pencil of a specific lead hardness is rubbed back
and forth on the coating surface. The pencil hardness of the coating is the lead
hardness required to dig into the coating and either gouge or delaminate it. The
pendulum hardness of a coating is a little more quantitative whereby rounded,
pendulum-mounted posts are rubbed back and forth on the coating surface under
constant load. The pendulum hardness of the sample is given as the number of
seconds it takes the pendulum arc to decrease from 6◦ to 3◦.

Abrasion resistance is the ability of a surface to resist scratching and marring
when contacted with an abrasive material. This is an important test for many
applications of coatings, elastomers, and integral-skin foams (Section 4.1.2). The
degree of abrasion is measured by loss of weight or by evidence of surface
marring, such as loss of gloss. For elastomers, the most common test is Taber
abrasion, where a sample is rotated a certain number of times under two abrasive
spinning wheels at a constant load. Results are measured in terms of weight loss
(ASTM D4060) or the percent decrease in light transmittance (ASTM D1044).42c

Because surface quality and appearance are so important in coatings, several tests
for abrasion resistance have been developed, the most common being falling
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sand, crock tester, and gravelometer (see above). As the name implies, in the
falling-sand abrasion test a certain amount and type of gravity-fed sand is allowed
to fall onto the surface of the coating. The crock tester has a weighted pad with
an applied abrasive that is rubbed back and forth on the coating surface. These
tests give an indication of a coating’s resistance to marring and scratching.

Resiliency (or elasticity) is the tendency of a material to return to its original
size and shape after the release of a short-term load applied in its elastic region. It
is also a measure of the energy-absorbing characteristics of a material. For foams,
the falling ball rebound and indentation force deflection (see below) tests are most
common. Falling ball rebound simply measures the amount a standardized steel
ball bounces when dropped from a specified height onto a sample and is usually
used for flexible foams. Results are reported in the percentage of the original
drop height that the ball bounces (percent rebound). Bashore “hardness” for solid
elastomers is similar except it utilizes a rounded steel rod instead of a ball.

4.3.3.4 Application Testing

There is a seemingly infinite variety of tests for specific applications, and some
even have alternate adaptations for particular industries or customers. This section
contains a few examples of common application tests for urethane foams, coat-
ings, adhesives, and elastomers that may be conducted in addition to those
described above. Some of these are just specialized versions of tests discussed
in the previous section but are presented here because they have been developed
for specific applications. Others are more broadly useful and very common.

Urethane foams fall into three basic categories: rigid, semirigid, and flexible.
A common evaluation test of rigid foams for insulation is determination of the
so-called k-factor, or coefficient of thermal conductivity. This is a measure of the
ability to transport heat from one side of a piece of the foam to the other. Lower
k-factor foams are better insulators. Other important tests for rigid foams are
dimensional stability (percent change in volume and linear dimensions after timed
exposure to specific temperature and humidity) and moisture vapor transmission
(weight uptake or loss after exposure to high or low humidity). Resiliency and
hysteresis are often important properties for flexible foams, so a special type of
compression test is used called indentation force deflection (IFD). In this test a
small, circular indentation pad (or “foot”) is depressed into the face of the foam
and a stress–strain curve is generated. Of particular interest is the force required
to reach certain deflections and the energy absorption (hysteresis) characteristics
of the foam, which are determined by the difference between the loading and
unloading portions of the IFD stress–strain curve. Semirigid foams are usually
valued for their damping (energy-absorbing) properties, so, like flexible foams,
compression stress–strain behavior is important, but in this case a high amount of
hysteresis is generally desirable. For this, the foam’s compression force deflection
(CFD) is determined. CFD is similar to IFD except that the compression plate is
large enough to compress the entire cross section of the foam sample.

For coatings, common evaluations are in regard to surface quality, chemi-
cal resistance, color, and weathering/light stability (discussed below). Gloss and
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distinctness of image are common surface measurements. Gloss is the percent of
light reflected at a specific incident angle (usually 20◦ or 60◦). Distinctness of
image (DOI) is a relative evaluation of how perfectly a coating reflects images.
There are many methods for determining chemical resistance, including various
spot and acid-etch tests where a coating is placed in contact with solvents or
acids under certain time–temperature conditions and then checked for blister-
ing, softening, loss of gloss, and discoloration. A related test is the so-called
MEK double-rub where a methyl ethyl ketone–soaked cloth is rubbed a certain
number of times (one back and forth motion is one “double rub”) across a coat-
ing surface or until break-through to the substrate. If the coating survives this
treatment, the effect on its surface is then described. These chemical resistance
tests are obviously very qualitative but are nonetheless important for product
development.

Weathering tests are conducted on many types of materials to determine how
well they stand up to the elements (air, water, sunlight, etc.). Weathering is very
important for most coatings applications as well as any other materials subjected
to outdoor exposure (such as elastomers in automotive applications). Accelerated
weathering tests expose a material to intense UV radiation and may include simu-
lated weather conditions, such as heat and/or moisture cycles. Exterior weathering
involves long-term exposure, most commonly in Florida or Arizona. These may
involve reflectors to intensify the sunlight and periodic spraying with water. For
all these tests, the samples are checked for changes in color (yellowing) and sur-
face quality (gloss and distinctness of image). Signs of chalking, a white, powdery
formation from decomposition of the polymer surface, are also monitored.

Combustion testing46 is critical in many applications such as seating, lamina-
tion, and insulation foams. There are many types of combustion tests, but most
common for polyurethanes are UL (Underwriter’s Laboratories) testing, the tun-
nel test, and the cone calorimeter. There are various types of UL tests, but they
all involve exposing the polymer to a flame and noting how quickly it ignites,
how long it continues to burn, whether there is drip formation, and so on. In
the tunnel test, the sample is ignited inside a special tubular instrument (or burn
tunnel) and the distance that it burns into the tube is measured, as is the density
of smoke formation. The cone calorimeter involves exposing the sample surface
to a powerful infrared heat lamp, and the resultant emissions are measured for
smoke density, heat release, and the concentration of liberated CO and CO2.

4.3.3.5 Analysis of Raw Materials

The discussion above is limited to finished polymers, but analysis of raw
materials40,41 is also very important. Regarding isocyanate-functional products,
one common titration is for NCO content (%NCO by weight), which allows molar
equivalency (or equivalent weight, molecular weight per functional group) to be
calculated, which is helpful in determining stoichiometry because the starting
materials used are frequently mixtures of 2-functional and higher molecules
(e.g., PMDI). From %NCO content, average functionality can be calculated for
polymeric MDIs. Other common tests for isocyanates include viscosity, specific
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gravity, acidity, color, and turbidity. For polyols, OH number (also OH# or
OHN, milligrams of KOH required to neutralize 1 g of polyol) is measured via
titration and serves the same purposes as %NCO in isocyanates. In addition to the
other tests mentioned for isocyanates, of importance for polyols are acid number
(Acid#, same units as OH#), water content, cloud point, and pH.

4.4 SYNTHETIC METHODS

This section contains detailed instructions for preparing several types of urethane
materials. Most of the examples illustrate procedures used and materials made
in the industrial synthetic urethane laboratory where the emphasis is usually on
the bulk physical properties of the material. The examples are relatively simple
formulations for instructional purposes only and should not be construed as being
part of any product specifications or guarantees or representative of the best which
urethanes have to offer. Most of the examples were not actually confirmed in
the laboratory, but some were checked for accuracy and clarity by the original
investigators. References are supplied where appropriate.

It is assumed that the user of this information is fully competent in syn-
thetic laboratory methods and is aware of the hazards and safe handling of the
chemicals and techniques utilized. The target audience is the college senior, first-
year graduate student, or experienced industrial technician. Regarding the use of
isocyanates, some are skin and respiratory tract sensitizers. Sensitization means
you can become hypersensitive to even minute amounts of these substances.
Such reactions are rare and happen only after overexposure. These hypersensi-
tive reactions can be asthma-like, immediate or delayed, short or long lasting,
and temporary of permanent. Isocyanates are also skin, eye, and respiratory tract
irritants and can cause rashes, blisters, swelling, tearing, coughing, difficulty
breathing, and so on. Acute overexposure can lead to permanent damage to skin,
eyes, lungs, and so on. It is essential to review all relevant safety literature sup-
plied with these products, such as material safety data sheets (MSDSs). Additional
information is available from manufacturers. Users should never be exposed to
any chemicals via contact or inhalation. Proper use of personal protective equip-
ment (PPE; gloves, safety glasses, etc.) and laboratory equipment (hoods, fume
ducts, safety shields, etc.) should prevent any such exposures.

The raw materials used are common and available from a variety of indus-
trial sources and are always used as-received without further purification. All
raw materials must be urethane grade, meaning mainly that the water content is
less than about 0.05% by weight. If in doubt, water level should be measured.41a,42

Bayer products are used where possible, but a detailed description of each
compound is given so that substitutes from other manufacturers may be used.
However, it cannot be overemphasized that extreme care must be taken
when choosing substitutes because even small differences in these complex
materials can cause marked discrepancies in results. Sources for common mate-
rials, such as 1,4-butanediol, are not specified as these are readily available
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from a variety of vendors. It should also be noted that deliberate modifications
to any formulation can have dramatic effects on physical properties and process-
ing characteristics and should only be done by an experienced chemist or for
instructional purposes: Even a catalyst substitution can make your foam turn out
more like a coating and your coating like a foam!

Most of the examples make use of common or relatively inexpensive labo-
ratory equipment. There are many systems, such as RIM and spray elastomers,
which are not suitable here because they require complex and expensive equip-
ment. However, some of the procedures do require specialized equipment not
commonly found in the synthetic laboratory. For example, preparation of high-
quality coatings of uniform thickness will require draw-down bars. Foam process-
ing will require high-speed mixer motors and high-shear stir blades. Availability
of such specialized laboratory-scale equipment is assumed. In-depth involvement
in urethane research, development, and application will require techniques and
equipment for measuring NCO concentration.41a,42 There are many manual titra-
tion methods for measuring %NCO, but it is most convenient to use an automatic
titrator, such as those available from Brinkmann. Although the examples used
herein utilize commercially available materials which require no further work-up,
more involved research and development will require the preparation of new pre-
polymers and modified isocyanates, necessitating measurement of %NCO. The
same is true of OH#, Acid#, viscosity, water content, and so on.

The raw materials used to make urethanes are usually complex mixtures
of multifunctional compounds, so the concept of equivalent weight is used to
determine reaction stoichiometry. Equivalent weight (or eq. wt.) is the average
molecular weight divided by average functionality (MWave/fave). It has units of
grams/equivalent. For isocyanates, this is calculated from the measured value for
%NCO using the following equation: (42/%NCO)(100) = eq. wt. Similarly, for
polyols, eq. wt. = (56.1/OH#)(1000). The number of equivalents equals grams
of material divided by the equivalent weight. The ratio of NCO equivalents to
OH equivalents determines the reaction stoichiometry and is called the reaction
“index.” Most often, a slight excess of isocyanate is used (index ≈ 1.05) to com-
pensate for loss of NCO by reaction with water present in reactants, solvents,
and/or air. Excess isocyanate also provides optimum physical property buildup
in many cases. The ratio used may be above or below 1 for various reasons. As
an example, to react 50 g of a polymeric MDI of 32.0% NCO at a 1.05 index
with a polyol of OH# 250 requires:

4200 ÷ 32.0% NCO = 131.5 isocyanate eq. wt.

50 g ÷ 131.5 g/eq. = 0.3802 eq. isocyanate

0.3802 eq. × 1.05 × (56,100/250) = 89.6 g polyol

For polyol and isocyanate blends, the total equivalents of isocyanate divided by
the total equivalents of OH equals the reaction index. For more on urethane
calculations, see refs. 1d and 1k.
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Exposure of raw materials to air should be limited as much as practicable,
especially in humid climates. All materials should be stored in tightly capped
jars or Nalgene bottles under a nitrogen blanket. Weighing and mixing may be
conducted using disposable glass jars, plastic cups, or metal cans. Paper cups
(including waxed paper) should never be used because the moisture they contain
can react with the isocyanate, causing bubbles to form in the resultant polymer.
For the same reason, metal stir blades should always be used, not wooden tongue
depressors or sticks. All storage, mixing, and handling equipment should be clean
and dry, but otherwise no special drying treatment is necessary.

A few key physical properties are listed for each product. They are given here
as a way to quantitatively screen materials and are not intended to be a guar-
antee of results. The physical properties of the products can depend on many
factors, including raw materials, processing techniques, and atmospheric condi-
tions. Qualitative descriptions of the materials are also frequently supplied, and
these should be closely observed. For example, if the material is described as a
bubble-free solid and there are bubbles within your sample, something is wrong
with either your processing technique or the raw materials. The physical proper-
ties listed will require access to testing equipment, some of which can be very
expensive. Even simple hardness measurements for solid elastomers require a
Shore durometer, which can cost several hundred dollars. Access to this type of
analytical equipment is assumed.

4.4.1 Elastomers

An important prerequisite for the preparation of high-quality elastomers is thor-
ough degassing of starting materials. Liquid components contain dissolved gases
which must be removed prior to use or they will escape upon heating during
casting and curing, forming bubbles which ruin the part. Degassing is accom-
plished by placing the liquid isocyanate, polyol, or polyol blend into a container
(no more than about one-third full) and applying vacuum to the sample until the
bubbling and frothing cease. This is most safely done in a vacuum oven under
a pressure of at least 20–25 in. Hg. Most of the starting materials used here
are quite viscous and can take up to an hour or two to fully degas. It may be
helpful to warm the sample during this process to reduce viscosity and facili-
tate gas removal. If absolutely necessary, an antifoaming agent may be added to
help break down the gas bubbles. For cast elastomers, degassing should be done
immediately prior to use. Only extremely fast reacting elastomer systems, such
as spray elastomers, can be used without degassing because they react and cure
so quickly there is not enough time for bubbles to form in this way.

Elastomer samples are cast in molds, the size and shape of which depend on its
purpose. Samples for physical properties can be produced using a custom-made
“book” mold designed to create a thin sheet (0.1 in.) containing premolded test
parts, such as those for die-C tear, flexural modulus, and so on. Alternatively,
a flat plaque mold may be used to create a 6 × 6 × 0.1-in. sheet from which
may be cut samples for testing. Thicker samples for hardness measurements may
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be produced from a “button” mold which creates a connected series of 1-in.
circular buttons 1

2 in. thick. These thick cross-sectional samples allow accurate
hardness measurements. In lieu of a button mold, a thicker plaque may be made
or a series of thin samples may be stacked and hardness measured from the top
sample. Whichever methods are used, it is important to be consistent and only
compare results obtained by identical techniques. When describing results, be
sure to list the methods and samples used.

Example 1. One-Shot Cast Elastomer. This is an example of a one-shot cast
elastomer using a PMDI, two polyols, and a chain extender. It is a good formu-
lation to begin with because it is simple and uses low-viscosity ingredients that
can be blended and cast at room temperature.

Charge Multranol 9139 [69.16 g, 0.0345 eq., an EO-tipped poly(propylene
oxide) polyol of 3-functionality, OH# = 28 , Bayer], Multranol 4012 [19.76 g,
0.1303 eq., an EO-tipped poly(propylene oxide) polyol of 3-functionality, OH# =
370 , Bayer], 1,4-butanediol (9.87 g, 0.2193 eq.), RC 6080 (0.2 g, a solution
of 25% triethylenediamine in 1,4-butanediol, Rhein Chemie), and Dabco T-12
(0.02 g, a solution of dibutyltin dilaurate in a glycol carrier, Air Products) into
a suitable container and mix until a homogeneous blend is obtained. Thoroughly
degas this blend in the manner described above. At the same time, degas about
100 g of Mondur MRS-4 (a PMDI of 32.5% NCO, eq. wt. = 129 , viscosity at
25◦C = 40 mPa·S, density at 25◦C = 1 .02 g/mL, Bayer). To the polyol blend,
quickly add 54.0 g (0.4178 eq.) of the isocyanate. This may be done by either tare
weighting the isocyanate or placing the polyol on a tared balance and adding
the isocyanate to it. Either way, the isocyanate should be added as quickly as
possible without splashing or incorporating bubbles to the mixture. Immediately
upon adding the isocyanate, quickly mix the reaction mixture. A metal spatula
may be used to mix by hand or a metal stir blade attached to a mechanical stirrer
may be used. Whichever method is used, it is imperative to blend the reactants
thoroughly, quickly, and without incorporating bubbles. Pour the mixture into a
mold as described above and cure at 80◦C for 1 h. Demold the part and condition
at room temperature for at least one day.

Physical properties (ASTM methods in parentheses): Gel time = 2 –5 min;
hardness (D2240) = 49 Shore D (>90 Shore A); tensile strength (D412) = 2393
pounds per square inch (psi); ultimate elongation (D412) = 103 %; die C tear
(D624 − 91) = 341 foot-pounds per inch (lbf/in.) split tear (D3489 − 90) =
97 lbf/in.; Tg (DMA) = −50 ◦C.

Example 2. Two-Shot Cast Elastomer (Prepolymer Method). Synthesis of
polyurethane elastomers via the prepolymer method is challenging and requires
especial attention to details and techniques. This example is a relatively easy one,
using a low-viscosity, 9.6% NCO MDI-based poly(tetramethylene ether) glycol
prepolymer. It is adapted from the Bayer Product Information Bulletin for Baytec
ME-090 prepolymer.

Carefully degas Baytec ME-090 (100.0 g, 0.2286 eq.) in a vacuum oven while
heating to 100◦C. Degas and preheat a sample of 1,4-butanediol (9.8 g, 0.2178 eq.)
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at the same time. Wet tare the 1,4-butanediol sample at temperature. Both samples
must be evenly heated to 100◦C. If necessary, the samples may be reheated in a
conventional or microwave oven. Whichever heating method is used, care should be
taken to avoid overheating and localized hot spots (stir occasionally). The sample
can be stirred using the metal probe from a thermocouple, allowing concurrent
monitoring of temperature. Hold the isocyanate sample under a motor-attached stir
blade and raise the container so that the mixing blade is gently immersed into the
liquid. Turn on the mixer motor and slowly stir the material. Avoid mixing bubbles
into the isocyanate. If any bubbles appear, remove the sample and repeat the entire
process, beginning with degassing. While holding the isocyanate container with
one hand, quickly pour the wet-tared extender into it and then increase the motor
speed as much as possible without creating a vortex or bubbles. When the sample
is thoroughly mixed (about 15 s), turn off the mixer, quickly remove the sample
from the stir blade, and pour the sample into a preheated (110◦C) metal mold.
The pot life of the reaction mixture is only 2–5 min, so all of this must be done
quickly. Lower raw material and mold temperatures will extend gel time but will
allow more time for phase separation, creating opaqueness in the sample. If cast at
100◦C into a 110◦C mold, a transparent, pale yellow sample should be obtained.
After casting, the mold should immediately be placed into a convection oven at
110◦C. If it is desired to use the mold again, the sample may be removed after 1 h
and postcured at 110◦C for an additional 16 h. This postcure step is important for
two-shot cast elastomers and provides development of ultimate physical properties.
Some materials may require additional conditioning at room temperature until
physical properties (such as hardness) do not change further.

The material should have these properties: gel time = 2 –5 min; hardness
(D2240) = 95 Shore A; Bashore resilience (D2632) = 60 %; tensile strength
(D412) = 5400 psi; ultimate elongation (D412) = 500 %; die C tear (D624) =
610 lbf/in.

Example 3. Urethane Hydrogel. Hydrogels are prepared by swelling a
crosslinked hydrophilic polymer in water. Polyurethane hydrogels are most
commonly made using a poly(ethylene oxide) polyol for hydrophilicity in
conjunction with a crosslinking agent which allows the material to swell in water
but not dissolve. This example is from E. Haschke et al., Journal of Elastomers and
Plastics, Vol. 26 (January 1994), p. 41. It is a simple formulation using H12 MDI,
poly(ethylene oxide) polyol, and trimethylolpropane.

A prepolymer is made first by charging Pluracol E2000 [1000.0 g, 1.0 eq.,
poly(ethylene oxide), 56 OH#, BASF] to a suitable container equipped with a
mechanical stirrer and a nitrogen gas inlet. Flush the container with dry nitro-
gen and add Desmodur W (264.0 g, 2.0 eq., 4,4′-methylene-bis(cyclohexyl iso-
cyanate), 31.8% NCO, Bayer). While maintaining a positive N2 pressure on the
reaction mixture, stir and heat at 80◦C for 2 h. Cool the product to room tem-
perature and check the NCO content (theory = 3 .32 %). It might be necessary to
warm the highly viscous prepolymer to take samples for titration. To a portion of
this prepolymer (250.0 g, 0.2 eq.), add Dabco T-12 (0.25 g, dibutyltin dilaurate,
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Air Products) and heat to 80◦C with stirring. Add trimethylol propane (8.94 g,
0.2 eq., TMP, Aldrich), stir for 1 min, and pour the reaction mixture into a pre-
heated aluminum mold treated with mold release. Place the mold into an oven at
80◦C for 6 h. Remove the sample and store in a desiccator.

From this material, samples are cut and swelled to constant weight in a buffered
saline solution prepared from 8.43 g sodium chloride (NaCl), 9.26 g boric acid
(H3 BO3 ), 1.0 g sodium borate (Na3 BO3 ), and 0.1 g of the disodium salt of the
dihydrate of ethylenediaminetetraacetic acid [Na2 · EDTA ·(H2 O)2 ] in 1 L of dis-
tilled water.

For the swelled hydrogel: saline solution uptake (swollen weight minus
dry weight/swollen weight × 100 ) = 70 %; elongation (D412) = 25 %; tensile
strength (D412) = 2 .0 MPa.

4.4.2 Foams

Example 4. Flexible Foam. This is a conventional, water-blown, flexible, slab-
stock foam formulation. It is a good formulation to begin making foams with
because of its utilization of water as the blowing agent, which makes it relatively
easy to process. It is also the only example here of a TDI-based polyurethane.
This is a small, laboratory “cup foaming” procedure using common laboratory
materials. The central piece of equipment is a variable-speed (1000–3000-rpm)
mechanical stirrer with a metal mixing blade.

Place Arcol Polyol F-3022 (100 g, 0.1 eq., 56 OH#, mixed PO/EO triol from
Bayer) into a suitable container. To this add distilled water (3.3 g, 0.4125 eq.),
Niax Silicone L-620 (0.5 g, a silicone surfactant from OSi Specialties), and Niax
C-183 (0.12 g, an amine catalyst from OSi Specialties). Thoroughly blend this
mixture without incorporating air bubbles. Then add Dabco T-9 (0.25 g, stannous
octoate from Air Products) and mix again. The T-9 must be added last because it is
quite water sensitive, so its exposure to the water-containing polyol blend should
be kept to a minimum. To this polyol blend, quickly add Mondur TD-80 (42.6 g,
0.4868 eq., a mixture of 80% 2,4-TDI and 20% 2,6-TDI isomers from Bayer)
and immediately stir at 3000 rpm for 5 s. Quickly pour the reaction mixture into
a suitable container such as a 1-qt paper or plastic cup and allow the foam to
“free-rise.” The stir blade may be wiped or brushed clean.

For the reaction mixture: cream time (time from start of mixing to when there is
a visual indication of initiation of foaming; usually evident as a change to a lighter
color, hence the name “cream time”): 12 s; rise time (when the foam stops visibly
“rising,” or foaming): 110 s. For the finished foam: density = 1 .8 pounds per
cubic foot (pcf); 25% IFD = 40 lb; 25% CFD = 0 .55 psi; ball rebound = 45 %;
tensile strength = 13 psi; elongation = 200 %; tear strength = 1 .8 pounds per
linear inch (pli).

Example 5. Rigid Foam. This is an example of an HCFC 141b–blown rigid,
closed cell, insulation foam. Working with physical blowing agents such as 141b
takes much practice and skill and should only be attempted after mastering the
processing of water-blown foams such as that described in Example 4.
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Charge Multranol 4063 [36.4 g, 0.2985 eq., a poly(propylene oxide) polyol
of 4-functionality, OH# = 460 , Bayer] to a disposable 1-qt metal can. To this
add Multranol 8114 [36.4 g, 0.2563 eq., a poly(propylene oxide) polyol of 4-
functionality, OH# = 395 , Bayer], Niax L-5440 (1.5 g, a silicone surfactant
from OSi Specialties), Desmorapid PV (2.2 g, pentamethyl diethylene triamine,
PMDETA, Rhein Chemie), Bulab 600 (1.1 g, tetramethyl ethylenediamine,
TMEDA, Buckman Laboratories), and HCFC 141b (22.4 g, 1-fluoro-1,1-dichloro
ethane, Atofina). Carefully note the weight of the filled container so that
evaporative loss of HCFC 141b can be compensated for later. Mix the
ingredients using a high-shear mixing blade and a high-speed mixer capable of
maintaining a constant speed under load. This mixture should be transparent.
For reproducibility, the temperature of the ingredients must be kept at a specific
temperature, such as 20◦C. The raw materials may be stored and mixed at a lower
temperature (such as 15–17◦C), so as to minimize blowing agent evaporation, and
allowed to warm to 20◦C prior to adding isocyanate. Care must also be taken that
no resin remains on the stir blade and shaft. To minimize resin loss in this way,
the stir blade can be removed from the resin while it is still rotating as long
as the can is tall enough so that it will catch the resin slung off by centrifugal
force. Weigh the container and add HCFC 141b to make up for lost weight, if
necessary. In a separate container, wet tare Mondur MR (76.0 g, 0.5700 eq., a
polymeric MDI, 31.5% NCO, Bayer) and add this quickly to the stirring polyol
blend. Immediately start a timer and raise the stirrer speed to 1000 rpm. Mixing
time should be about 5 s. After mixing is complete, quickly raise the rotating stir
blade from the reaction mixture so as to force off the resin. Turn off the stirrer
and quickly pour the contents into an open-top mold or other suitable container.

The following are noted: cream time: 6–7 s; string (or gel) time (when a small
wooden stick or tongue depressor is dipped into the foaming reaction mixture
until the time when thin threads of foam remain hanging from the stick as it is
withdrawn): 29 s; tack-free time (when there is no detection of tackiness when
a wooden stick or tongue depressor is lightly touched to the top foam surface):
35 s; free-rise core density: 1.77 pcf; k-factor: 0.125. This material should be
nonfriable, meaning that it is not brittle and rubbing the hand across a freshly cut
cross section of the foam should not result in the formation of any powdery dust.

4.4.3 Coatings

Example 6. High Solids, Two-Component, Clear, Aliphatic, Polyurea Coat-
ing. This example of an aliphatic, 100% urea coating utilizes polyaspartic esters
as reactive diluents (see Section 4.2.3). These compounds allow fine tuning of
reactivity and physical properties and eliminate the need for viscosity-reducing
solvents.

Charge Desmophen NH 1420 (385.07 g, 1.38 eq., N ,N ′-[methylenebis(4,1-
cyclohexanediyl]bis-tetraethyl ester, eq. wt. = 279 , 100% solids, Bayer) to a
suitable container. Add Desmophen XP-7068 (128.35 g, 0.4411 eq., N ,N ′-
[methylenebis(2-methyl-4,1-cyclohexanediyl)]bis-tetraethyl ester, eq. wt. = 291 ,
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100% solids, Bayer) and Byk 354 (13.69 g, polyacrylate flow and leveling aid,
BYK-Chemie). Mix this resin solution thoroughly. If bubbles are incorporated
during stirring, allow them to rise and break before using. To this blend, add
Desmodur XP-7100N (382.21 g, 1.8655 eq., a low-viscosity modified HDI trimer,
%NCO = 20 .5 , 100% solids, Bayer) and thoroughly mix without incorporating
air bubbles. This system may be drawn into films using a wet film applicator or
brushed/rolled onto substrates. For roller applications, addition of 0.1 to 2% w/w
Airex 900 (a deaerator from Tego Chemie) will help to reduce bubble formation.

For the above polyol blend: viscosity (Brookfield, ASTM D-2196) = 1500 mPa ·
S at 23◦C. For the reaction mixture: working (pot) life: 20 min; Gardner cir-
cular dry times [72◦F, 54% relative humidity (RH)]; surface dry = 1 .0 h, hard
dry = 2 .0 h, mar free = 3 .5 h. For the finished coating: gloss (ASTM D-523) =
90+ at 60◦; impact (ASTM D-2794) = 60 in.-lb direct, 10 in.-lb reverse; Tabor
abrasion (ASTM D-4060, 1000 g load, 1000 cycles, CS-17 wheel) = 95 .6 mg; pen-
dulum hardness = 180 s; MEK double rubs (ASTM D4752-95, 50 double rubs) =
softened.

Example 7. Solvent-Borne, One-Component, Moisture-Cure, Aliphatic
Polyurea Coating. This example is of a more traditional one-component coating
formulation using a volatile solvent as a diluent. The “active ingredient” is a
modified HDI, Desmodur N-75 BA from Bayer.

Charge Desmodur N-75 BA (529.7 g, 2.0809 eq., a biuret of HDI, 75% solids
containing n-butyl acetate, Bayer, %NCO = 16 .5 , eq. wt. = 255 , viscosity =
90 –210 mPa ·S) into a suitable container. Add Aromatic 100 [271.29 g, a
naphtha (petroleum) aromatic solvent from Eastman Chemical, C8 –C10 aromatic
hydrocarbon mixture, boiling point range = 159 –170 ◦C] and mix well using
a mechanical stirrer. To this, add a 10% solution of CAB 381-0.1 (21.12 g,
cellulose acetate butyrate, a flow aid from Eastman Chemical) in PM acetate
(methoxypropanol acetate) and mix well. Next, add a 10% solution of Dabco T-12
(16.93 g, dibutyltin dilaurate, Air Products) in PM acetate. Where light stability is
of concern, 1% by weight (based on resin solids) each of Tinuvin 292 and Tinuvin
1130 (UV stabilizers from Ciba-Geigy) can be added. After thoroughly mixing, a
transparent, colorless solution should be obtained. This material will be stable for
extended periods if it is protected from exposure to water or atmospheric moisture
and from evaporation of the solvent. It may be drawn down into films on suitable
substrates (such as glass plates) using a wet film applicator.

For the blend: viscosity = 40 mPa·S at 22◦C, weight percent solids = 47 .74 ,
volume percent solids = 42 .44 , weight per gallon = 8 .39 lb. Dry time (hours at
68% RH): set to touch = 0 .3 , surface dry = 1 .6 , hard dry = 3 .3 , mar free =
4 .0 . Film physical properties: impact = 140 in.-lb direct, 40 in.-lb reverse;
Tabor abrasion (mg loss, CS-17 wheel, 1000 cycles, 1000 g load) = 8 .4 ; pencil
hardness = 2 H; spot tests (4 h): IPA, no effect; MEK, no effect; 50% NaOH, no
effect; 37% HCl, lifted film; 100% acetic acid, failure.

Example 8. Water-Borne Polyurethane Dispersion (PUD). This example
illustrates the synthesis of a water-dispersible, OH-terminated polyurethane
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prepolymer. It utilizes dimethylolpropionic acid as a built-in dispersant when
neutralized with triethylamine. It is, therefore, an anionic dispersion by definition.
This example and the next were adapted from European Patent Application
EP 0469389.

Charge Desmophen E-609 (132.8 g, 0.1326 eq., a polyester diol from
adipic acid and hexanediol, Bayer, OH# = 56 , MW = 1000 ) to a 2-L, three-
neck flask equipped with a mechanical stirrer, thermocouple, and N2 inlet.
Add neopentyl glycol (13.4 g, 0.2577 eq., 2,2-dimethyl-1,3-propanediol), DMPA
(20.6 g, 0.3075 eq., α,α-dimethylolpropionic acid), polyether LB-25A (5.0 g,
0.0023 eq., a monofunctional alcohol based on EO and PO having an OH#
of 26, Bayer AG), and N -methyl pyrrolidinone (NMP, 90.0 g). Blanket the
flask with dry N2 and heat to 70◦C with continuous stirring. Add Desmodur
W [127.6 g, 0.9661 eq., bis(4-isocyanatocyclohexyl)methane, %NCO = 31 .8 ,
Bayer], increase the reaction mixture temperature to 110◦C, and stir for 1 h,
or until the isocyanate content is 3.5%. Cool the resultant prepolymer to 70◦C
and add triethylamine (15.5 g, 0.1538 m, 1 m/m DMPA). Stir well for 15 min and
add ethanolamine (17.0 g, 0.2787 eq., based on N−H) and N -methylpyrrolidinone
(50.0 g). The reaction mixture should exotherm to about 90◦C. Cool to 70◦C and
stir an additional hour or until found to be NCO free by IR analysis (loss of NCO
band at 2270 cm−1 ). Charge an additional 5.0 g (0.0023 eq.) of polyether LB-
25A and stir for 30 min. To this, slowly add distilled water (391.3 g) at 50◦C with
vigorous mixing and stir for an additional hour.

For the resultant aqueous dispersion: pH = 9 .3 ; percent solids = 35 ;
functionality = 2 (OH); urethane–urea content = 13 % (calculated as NH−C−O,
MW 43).

Example 9. Two-Component Waterborne Polyurethane Coating. This
example utilizes the PUD from Example 8 in a two-component, waterborne coat-
ing formulation. An HDI-based, water-dispersible isocyanate is also prepared.

A water-dispersible polyisocyanate is prepared as follows. Charge Desmodur
N-3300 (900 g, 4.6154 eq., HDI trimer, Bayer, 100% solids, 195 eq. wt.,
21.6% NCO) to a 2 L, three-neck flask equipped with a mechanical stirrer, a
thermocouple, and a nitrogen inlet. To this, add Polyether LB-25A (100.0 g,
0.0463 eq.) and heat to 110◦C with stirring for 1.5 h. For the isocyanate product:
percent Solids = 100 ; viscosity = 3900 mPa·S (25◦C, #4 spindle, 60 rpm);
%NCO = 18 .8 .

Charge the OH functional urethane water dispersion prepared in Example 8
(200 g, 0.1603 eq. OH) to a suitable container. Vigorously stir the dispersion
with a mechanical stirrer and slowly add the 18.8% NCO water-dispersible
polyisocyanate described above (40.0 g, 0.1791 eq.). This will give an NCO–OH
equivalent ratio (index) of 1.12. To this mixture, add Silwet L-77 (a flow aid
from OSi Specialties) and thoroughly mix. Use a draw-down bar to make
6-mil (0.006-in.) wet-thickness films on glass plates and 5-mil (0.005-in.) films on
Bonderite-treated steel panels (Bonderite is from Henkel). Condition the resultant
films at 72◦F and 50% RH for 2–3 weeks before evaluating. For the finished
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films: MEK double rubs = 200+; pendulum hardness = 127 s; Gardner impact
(psi, ASTM D-3029-84, method G) = 160 direct, 160 reverse; tensile strength
(ASTM D-638) = 4483 psi; elongation (ASTM D-638) = 25 %.

4.4.4 Adhesives, Sealants, and Binders

Example 10. Two-Component, Nonsagging, Polyurea Structural Adhe-
sive. This example is an all-urea formulation: unusual for a 100% solids, hand-
castable system. It is also a two-component, one-shot system designed to be
nonsagging so that it may be applied to nonhorizontal surfaces without dripping
or running. This and similar examples are described in U.S. Patent 5,654,085. See
also Guether et al., presented at Polyurethanes Conference 2000, October 8–11,
2000 CRC Press: Boca Raton, FL, 2000.

An amine-terminated polyether (ATPE) is prepared as follows. Charge
poly(tetramethylene oxide) diol (PolyTHF 1000, BASF, 75.96 g, 0.0759 m) to a
500-mL three-neck round-bottom flask fitted with a thermocouple, a mechanical
stirrer, and a vacuum port. Add tert-butylacetoacetate (24.04 g, 0.1582 m) and
apply vacuum. Heat at 175◦C for 4 h, Fourier transform infrared (FTIR) analysis
should indicate complete loss of the polyol OH absorption at 3300 cm−1 .
The room temperature viscosity of the product should be about 520 mPa·s.
React this acetoacetylated product (85.5 g, 0.0649 m) with cyclohexylamine
(14.5 g, 0.1465 m) at 110◦C under vacuum for several hours. Cool the resultant
cyclohexylaminocrotonate polyether product to room temperature (1790 mPa·s at
room temperature).

Prepare an amine blend from the above cyclohexylaminocrotonate polyether
(63.5 g, 0.0824 eq.), Ethacure 300 (4.6 g, 0.0429 eq., dimethylthiotoluene
diamine isomer mixture, Albemarle), PACM-20 [1.5 g, 0.0143 eq., bis(4-
aminocyclohexyl)methane, Air Products and Chemicals], Baylith L Powder
(7.0 g, powdered sodium aluminosilicate, UOP), and Mistron Vapor (23.4 g, talc
powder, 2.8 sp. gr., 1.7 µm avg. particle size, Luzenac America). Blend this
mixture and degas to remove bubbles and dissolved air. Charge the mixture to
a plastic bag, such as a plastic sandwich bag, by placing the bag in a can or cup
such that the material is placed into one corner of the bag. Degas Mondur MR
and place a sample (20.9 g, 0.1568 eq., 130 index, polymeric diphenylmethane
diisocyanate, 31.5% NCO, Bayer) in the bag on top of the amine blend. Loosely
twist off the corner of the bag such that there is little or no air entrapped in
the portion containing the reaction mixture. The “pocket” containing the reaction
mixture should still be loose enough, however, so that its contents may be kneaded
and thoroughly mixed by hand. It is important to remove as much air as possible
from the bag so as to avoid incorporating bubbles into the adhesive. Rapidly
knead the bag until it is quite warm to the touch and the contents are highly
viscous (approximately 1 min mix time; be careful not to break the bag!). The
material must be of even consistency, with no signs of precipitation or gellation.
While holding the bag and its contents with the corner pointing up, cut the tip
off with scissors creating a hole roughly 1

4 in. in diameter. Squeeze the reaction
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mixture out of the bag onto either a vertical surface (to demonstrate its nonsag
performance) or a plaque mold with a cover (for preparation of flat samples for
physical testing) or test specimens for adhesion testing (see below). A bead of the
material up to 1

2 in. in diameter should not sag, run, or drip when placed on a
vertical surface. Viscosity buildup can be adjusted as necessary by varying the
ratio and concentration of PACM-20 and/or Ethacure 300.

Samples prepared for testing should be conditioned at 72◦F and 50% rela-
tive humidity for several days or until the hardness of the material plateaus. The
ultimate hardness should be about 55 Shore D. The softening point should be
about 168◦C as determined by thermomechanical analysis (TMA). Adhesive per-
formance can be demonstrated in a number of ways. Since this material was
originally developed for automotive applications, bonding to sheet-molding com-
pound (SMC) is described here using the lap shear test (SAE J1525). Two SMC
plaques (Budd 971 from Budd Co., 4 × 6 × 0 .125 in.) are bonded together using
metal spacers (metal beads or paper clips may be used) to ensure a consistent
bond thickness of 0.030 in. A jig may be prepared for this procedure. Bond over-
lap of the plaques is 1 in., and the bonding surfaces are buffed clean with a cloth.
The adhesive is applied and the parts mated in such a way that the bonding sur-
faces are completely covered and there are no entrapped bubbles. Wipe off excess
adhesive, cure in a convection oven at 135◦C for 1 h and then condition at room
temperature for one day. Test coupons (4 × 1 in.) are cut from the cured plaque
using a tile saw. Five, 1-in.-wide samples may be cut, discarding the outer 1

2 -in.
edges of the 6-in.-wide plaque. The test samples are then pulled apart in shear
mode using an Instron analyzer. The samples should have an average maximum
load of 686 psi and 100% substrate failure.

Example 11. One-Component, Moisture-Cure Polyurethane Sealant. This
example is of a low-hardness, high-elongation, moisture-curable polyurethane
sealant. The material is based on a low-%NCO prepolymer made from 4,4′-
MDI and a low-unsaturation (low-monol-content) Acclaim polyol from Bayer. It
is adapted from (a) J. Lear et al., Adhesives Age, February 1999, pp. 18–23; and
(b) B. Lawrey, et al., presented at UTECH 2000, The Hague, The Netherlands,
March 30, 2000, Crain Communications: London, 2000.

Charge Acclaim Polyol 4200 (313 g, 0.1562 eq., a propylene oxide glycol,
OH# = 28 .1 , f = 1 .99 ) and Acclaim Polyol 6300 (313 g, 0.1043 eq., a propy-
lene oxide triol, OH# = 18 .7 , f = 2 .94 ) to a 2-L three-neck flask equipped with
a mechanical stirrer, a thermocouple, and a nitrogen inlet/vacuum port. Flush the
flask with nitrogen and then thoroughly mix the contents until a clear, homoge-
nous blend is obtained. To this, stir in molten Mondur M (4,4′-MDI, ca. 45◦C,
81.0 g, 0.6480 eq., 33.6% NCO, Bayer). Heat the reaction mixture to 80◦C for
1 h or until the %NCO is 2.3. While stirring the prepolymer at 80◦C, add CaCO3

(313 g) and diisodecyl phthalate (DIDP) (391 g). After the mixture is thoroughly
blended, apply vacuum and degas the material until no bubbles or froth is appar-
ent at �25 in. Hg. Cool to 50◦C, add Dabco T-12 (0.07 g, 50 ppm, a solution of
dibutyltin dilaurate in a glycol carrier, Air Products), and stir for an additional
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20 min. Let the product cool to room temperature. The sealant can be stored at
room temperature for extended periods if extreme care is taken to avoid exposure
to the atmosphere. The material can be drawn down into films using a wet film
applicator or it may be poured into syringes for preparation of thicker parts or
application as a standard sealant. If these syringe samples are carefully capped
and stored in a desiccator, the material will keep for extended periods. Sample
size and shape will depend on their purpose. For hardness measurements, sample
thickness should be at least 1

2 in. to avoid read-through of the supporting surface.
Thicker samples will require longer atmospheric cure time, but all samples pre-
pared for testing should be conditioned for 14 days at 72◦F and 50% RH. The
product should have the following physical properties: hardness = 32 Shore A;
tensile strength = 2 .317 MPa; elongation at break = 377 %; 100% modulus =
0 .869 MPa; die C tear = 7 .53 kN/m.

Example 12. Isocyanate Binder for Wood. Polymeric MDIs are used as one-
component binders to make high-performance “engineered” wood products such
as oriented strand board, plywood, and particle board. This laboratory-scale
example was adapted from U.S. Patent 6,214,265 and illustrates the prepara-
tion of a type of particle board using clean wood particles milled specifically for
this purpose. This wood “furnish” (from Allegheny Particleboard, Kane, PA) must
have a moisture content of <10% by weight. Moisture content can be checked by
drying and checking for percent weight loss (103◦C for 21 h, ASTM D1037; elec-
tronic moisture analyzers are also available). If necessary, moisture content is
lowered by heating at 103◦C and periodically checking the moisture content until
it is <10%.

Add wood furnish (384 g, moisture content 6.02%) to the bowl of a rotary
blade paddle mixer (such as a Kitchen-Aid KSM90) and agitate at the lowest
speed setting. Add Mondur 541 (7.39 g, 1.9% w/w, a polymeric diphenylmethane
diisocyanate of 31.5% NCO, Bayer) dropwise over a 5-min period using a dis-
posable syringe. Continue blending for an additional 10 min and then transfer
the blend to an 8 × 8 × 2 -in. metal form at the bottom of which is a metal
plate which fits inside. The resin-coated furnish is evenly spread inside the form
and another metal plate is placed on top. All parts of the form and plates are
presprayed with mold release. The completed form assembly is placed into a
hydraulic press (such as a model PW-22 manufactured by Pasadena Hydraulics)
with platens heated at 350◦F. The furnish is then pressed between the two form
plates to a thickness of 1

2 in. Press controls are used to ensure consistency of
board thickness. The assembly is heated for 4 1

2 min. before demolding the cured
wood panel.

For the resultant 8 × 8 × 1
2 -in. board: board density = 40 .67 lb/ft3 ; inter-

nal bond strength (ASTM D1037) = 133 psi; thickness swell (ASTM D1037) =
18 .8 %.

4.4.5 Thermoplastics
Example 13. Thermoformable Polyurethane. Traditional TPUs are process-
able only at temperatures above about 150◦C, often much higher. The example
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related here is unusual in that it is designed to be formable at only 75◦C. It illus-
trates the principles of thermoplastic urethanes yet is easy to make and can be
formed by hand in hot water. See U.S. Patent 5,656,713.

Charge Formrez 66-37 [106.78 g, 0.0704 eq., a poly(hexylene adipate)
polyester polyol from Witco Chemical, OH# = 37 , f = 2 , viscosity = 2500 cps
at 60◦C) to a 500-mL three-neck round-bottom flask equipped with a mechanical
stirrer, thermocouple, and vacuum port/nitrogen inlet. To this add Dabco T-12
(0.184 g, dibutyltin dilaurate in a glycol carrier, Air Products and Chemicals)
and 1,6-hexanediol (2.36 g, 0.0400 eq.). Flush the flask with dry N2 and heat
the mixture to 75◦C while stirring. Preheat Desmodur W [15.0 g, 0.1136 eq.,
bis(4-isocyanatocyclohexyl)methane, 31.8% NCO, Bayer] to 60◦C and charge
it directly to the stirred polyol solution. Apply vacuum to the reaction mixture
while vigorously mixing for about 1 min. Release the vacuum pressure, and pour
the contents of the flask into a mold (either closed or open). Cure for 16 h at
75◦C. At the curing temperature, the material should be soft, transparent, and
readily formable by hand. Upon cooling to room temperature, however, the sample
should harden and turn white. The material can be reheated in an oven or by
immersing in hot water. Physical properties are as follows: elongation = 657 %;
elongation set = 503 %; tensile strength = 14 .48 N/mm2 ; hardness = 51 Shore
D; flexural modulus = 365 .5 N/mm2 .
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5.1 INTRODUCTION

5.1.1 Historical Perspectives

The heterocyclic and aromatic polymers were introduced during the 1960s in
order to match the thermal stability requirements of the aerospace industry. Aro-
matic and heterocyclic rings offer conjugated rigid structures with high glass
transition and strong linkages allowing good resistance in harsh environments.

Two approaches were used for the development of these new polymers. An
important effort involving new synthetic methods as well as specific solvents1

was the key for the preparation of aromatic polyamides (Nomex and Kevlar for
Du Pont) or aromatic polyester2 exhibiting respectively lyotropic or thermotropic
properties. At the end of the 1960s the relationship between structure and prop-
erties were well established, and different aromatic polyamides, polyesters, poly-
sulfones, and polyetherketones, crystalline or amorphous, were commercially
available. The concept for the second approach was more original: Basically
the formation of the chain backbone was obtained by a reaction leading to the
formation of a heterocycle according to the pioneering work of C. S. Marvel
describing the polybenzimidazoles.3 During the 1960s this polyheterocycliza-
tion concept was extremely used, and many polyheterocycles were published.4,5

However, except for polyhydantoines, polyquinoleines, and polyquinoxalines, the
properties and prices of these new materials did not adequately compete with the
polyimides to justify commercialization.

The high-temperature glassy or crystalline transitions of the linear aromatic and
heterocyclic polymers were an important drawback for the structural aerospace
applications, which need a good flow for the adhesive or composite formulations.

Synthetic Methods in Step-Growth Polymers. Edited by Martin E. Rogers and Timothy E. Long
 2003 John Wiley & Sons, Inc. ISBN: 0-471-38769-X
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It is well known that by reducing the molecular weight of a polymer its Tg

decreases and its solubility increases. At the end of the 1960s a new concept
was introduced for the preparation of thermostable adhesives and matrices for
composites. According to this concept, a low-molecular-weight oligomer (1000 <

Mn < 5000 Daltons) was end capped by a maleimide or a nadimide group. These
materials melt or flow below 200◦C and the reactive groups lead to a crosslinked
material above 300◦C allowing interesting processing window (temperature inter-
val between the flow temperature, glass temperature, and the polymerization
exotherm). Although about 20 different end-capping groups have been published
right now, only the maleimide and the nadimide end-capped oligomers are used in
aerospace industries for the preparation of composite with carbon fibers.6,7 Since
the 1980s, the research is oriented toward the synthesis of tailored monomers or
polymers for specific applications other than the ones in the aerospace domains.
The thermal properties of an organic polymer as well as composites are governed
by some thermophysical properties: specific heat (Cp), thermal conductivity (k),
and thermal diffusivity (α), which are correlated according to the equation

α = k

ρCp

where ρ is the specific gravity of the material.
Concerning the mechanical properties at high temperature, the glass transition

temperature Tg and the crystalline transition temperature Tm are the relevant
basic properties which indicate the limit for high-temperature service but also
give information concerning the physical aging the higher Tg is, the better is
the thermal aging.8 The glass transition temperature (Tg) of a polymer has been
correlated to the concept of free volume so that the relationship between Tg and
the molecular mass M is expressed by

Tg = T ∞
g − K

M

where T ∞
g is the glass transition temperature for an infinite molecular weight, K is

a constant, and M is the molecular weight. This relation is understandable if one
considers that the fractional free volume due to the end chains decreases when the
molecular weight increases. Considering that the possibility of motion is greater
for the end chain compared with an internal part of the chain, a low-molecular-
weight polymer will have a Tg lower than a corresponding high-molecular-weight
polymer. The constant K is the contribution of the end groups:

K = 2ρNAθ

αf

where ρ is the polymer density, NA is Avogradro’s number, θ is the contri-
bution of one chain end to the free volume, and αf is the thermal expansion
coefficient of the free volume. Some long branches on the polymer backbone
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will decrease the glass transition temperature by increasing the number of chain
ends, while regular short branching along the chain increases both the stiffness
and the glass transition temperature and decreases the mobility. Crosslinking
reduces the specific volume so that the Tg rises as a consequence of the reduc-
tion of molecular motion.9 For homocyclic and heterocyclic aromatic polymers,
the structure–property relationships have been reviewed mainly in the polyimides
series and some general features have been pointed out. In the case of aromatic
substitution, meta versus para catenation decreases the Tg, and flexible bridging
groups such as oxygen or methylene decrease the Tg more than highly dipolar
groups such as carbonyl and sulfone. Bulky substituents or substituents restrict-
ing the free rotation between two phenyl rings also increase the T 10,11

g . Aromatic
and heterocyclic high-performance polymers are very often amorphous materials,
and the variations of the properties are governed by glass transition temperature.
The Tg of the semirigid aromatic and heterocyclic polymers can be predicted by
calculation of a rigidity index for each group.12

Chemistry, reaction mechanisms, and properties have been extensively
reviewed.4,5,10 – 20 The present chapter deals with only one type of fully cyclized
aromatic heterocyclic polymers: the high-molecular-weight linear polymer with
a special emphasis on the synthesis and structure — property relationships for
specific applications.

5.1.2 Trends in Polyimide Applications: Critical Issues

5.1.2.1 Aerospace

After the reduction of the military budget, the announcement that Boeing has
postponed from 2010 to 2020 the launch of high-speed civil transport (HSCT),
and the fact that no European program for HSCT is expected, the domain
is gloomy and the industrial development of new high-temperature resins is
questionable. However, recent improvements have been done in the field of
thermosetting resins. Chemistry and properties of bismaleimide and bisnadimide
are now well understood,7 and the new phenyl-ethynyl-terminated resins are very
promising, considering processability window and thermo-oxidative aging.21,22

The subsonic airplane does not need such high-performance resins, but some
technical requirements for structural foam (better mechanical behavior at very low
temperature) are identified and could be solved with foam obtained with linear
aromatic and heterocyclic polymers. Expanding processes for linear polymer
foams are under investigations; for example, the condensation of polyarylether
ketone with amino-terminated polyetherimide takes place during extrusion and
the water evolution during the process is the blowing agent.23

5.1.2.2 Other Structural Applications

The automotive industry needs more and more organic material with improved
thermomechanical properties up to 200–220◦C, but the requirements for the pro-
cessability and cost make the problem difficult to solve. The development of new
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products with moderate thermo-oxidative properties could probably be obtained
by increasing the Tg of aliphatic condensation polymer with aromatic moieties.
One possible way would be a random copolycondensation by reactive processing.
Aliphatic aromatic copolyimides would be interesting candidates and a different
synthetic way could be used: for example the copolymerization of one aliphatic
diaminetetracarboxylic salt with an aromatic diaminetetracarboxylic salt.24,25 On
the other hand, the bulk transimidization is an interesting pathway to get copoly-
imides with tailored properties. The transimidization can take place by reaction of
an aromatic imide with an aliphatic diamine. As showed in Fig. 5.1, the equilib-
rium between aliphatic and aromatic imide at 200◦C is favorable to the formation
of aliphatic imide.26 However, good leaving groups such as N -ethoxycarbonyl
imide or 2-pyridylimide allow a substitution with an aromatic diamine (Fig. 5.2).
Recently a new bulk reaction of an aromatic dinitrile with a secondary aliphatic
amide leading to aromatic aliphatic secondary amide with high yield has been
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Figure 5.1 Aliphatic aromatic imide equilibrium at 200◦C.
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reported27; the results obtained with models are promising for an extension to
the aliphatic polyamides.

5.1.2.3 Molecular Composites

The para catenation of the aromatic and heterocyclic structure leads to highly rigid
rodlike macromolecules. When these macromolecules are soluble, they show a
lyotropic behavior in solution (liquid crystal organization as a function of the
concentration and orientation in the direction of the shear stress).28 By spin-
ning the solution, fibers with very high tenacity and high modulus are obtained.
These polymers dispersed at the molecular level in a matrix greatly improve the
mechanical properties.28 Recently a molecular composite was obtained by mixing
a rodlike precursor (obtained by reaction of biphenyl-tetracarboxylic dianhydride
with para-phenylenediamine) with a crosslinkable acetylenic polyimide.29 If a
rodlike polyimide (or other heterocyclic polymer) could be dissolved at the
molecular level without phase separation in a commercial matrix, the concept
of molecular composite would find an important development.

5.1.2.4 Electrical Industries

There is an increasing demand for the insulation of wires working above 180◦C.
Nowadays three heterocyclic polymers [polyesterimide containing trishydrox-
yethyl isocyanurate (THEIC) in cresolic solution, polyimide in NMP, and poly-
hydantoines in cresol] are used.30 For economical and ecological reasons, the
trend is to replace the high-temperature technology for the solvent removal by a
photochemical process. But as the most popular crosslinking agents are aliphatic
(acrylic esters), the thermal stability will be decreased. Right now, the literature
does not give any information about a breakthrough on the subject.

5.1.2.5 Electronic and Electro-Optic Applications

Since the end of the 1970s, the polyimides have been introduced for the produc-
tion of electronic components mainly for the passivation. But more and more they
are interesting for the integrated circuits and multichip modulus fabrications. Pro-
cessability and dielectric and thermomechanical properties are the most attractive
features of these materials for the electronic31 and electro-optical applications.32

5.1.2.5.1 Alignment Coating for Liquid Crystal Devices (LCDs)

The top and bottom electrodes of the LCDs are covered by a blocking layer
(protective coating) and by an alignment layer which plays two roles: the first
one is the orientation of the liquid crystal (same orientation of the dipole) and the
second is to create a small angle from the surface, when the liquid crystals are not
addressed. The polyimides are deposited in thin coatings which are mechanically
rubbed. The rubbing ensures the chain orientation of the polyimide responsible
for the LCD organization. As the mechanism of the alignment coating is not yet
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well understood, much work is devoted to these phenomena either by physicians
or by chemists:

• Distortions of the bond and out-of-plan rotation of polyimides have been
suggested to explain the surface modification by rubbing.33

• The orientation of the polyimide coating by treatment with linearly polarized
light is under investigation.34

• The synthesis of polyimides with the pending group (aliphatic or fluorinated
substituent) and some relationships between the polymeric structure and the
value of the tilt angle have been reported.35

• Improvement of the viewing angle by using rodlike polyimides — the in-
plane and out-of-plane refractive indexes are different and the resulting
negative birefringence increases the viewing angle.36

5.1.2.5.2 Dielectrics for Integrated Circuit and Multichip Modules

LOW DIELECTRIC CONSTANT A very low dielectric constant cannot be obtained with
mineral dielectrics. For different reasons, such as processing, mechanical prop-
erties, and adhesion on the substrate, polyimides are now accepted as dielectrics.
The introduction of fluorine in polyimide structure reduces the dielectric constant
mainly by modifying the free volume but also by changing the electronic mode of
polarization.37 However, the lowest dielectric constant obtained with fluorinated
polyimide is about 2.5,38 and in order to reduce the dielectric constant below 2,
a new concept has been recently developed. As the air dielectric constant is
1, the concept is based on the generation of nanovoids in the polyimides. The
synthesis of a block copolymer containing a high-Tg aromatic or heterocyclic
segment such as polyquinoxaline or polyimide and a thermolabile segment (such
as polypropyleneoxide, polymethylmethacrylate, and polystyrene) leads to a het-
erophased system after deposition on the support and solvent evaporation. By
heating, the thermolabile block decomposes, and the decomposition products dif-
fuse through the thermostable segments with formation of a nanofoam.39 To be
successful, the process needs an important difference between the decomposition
temperature of the labile part and the Tg of the rigid segment in order to avoid
coalescence. The synthesis of rigid polyimides containing a thermolabile func-
tion is another approach. tert-Butyl carbonate is easily introduced in a polymer
containing a hydroxyl group by reaction of tert-butyl dicarbonate. The carbon-
ate function decomposes at 180◦C with CO2 and isobutylene evolution.40 The
void generation allows the formation of dielectric films with dielectric constant
ranging between 1 and 2 depending on the ratio of air to polymer.

PHOTOSENSITIVE POLYIMIDES During the process in microelectronic, the dielectric
has to be patterned in order to obtain the vias needed for the connection. The
patterning is performed with photosensitive resins and masks. The process is
time and money consuming, and the use of photosensitive polyimides could save
three (wet etching) or five (dry etching) steps in the process.31 The development



INTRODUCTION 271

of photosensitive polyimide is an important industrial challenge, and different
chemical systems have been patented or published,41 but some problems such as
photosensitivity, contrast, control of the thickness, and dielectric constant have
not yet definitely been solved.

5.1.2.6 Some Other Opto-Electronic Targets

5.1.2.6.1 New Linear Optical Devices

Some highly polarizable organic chromophores (containing an electron donor, a
electron connective segment, and an electron acceptor group) organized in pure
noncentrosymmetric lattices could exhibit very high electro-optic coefficients
[100–1000 picometer/volt (pm/V) at 1.3 µm wavelength].42 Does the introduc-
tion of such chromophores in a polymeric system compete with the properties
offered by a pure lattice? The problem is to get and keep a cooperative effect
of the chromophores linked to or dispersed in the matrix by orientation (poling).
The chromophores can be oriented by photoinduced orientation (polarized light
at room temperature) or by photo-assisted poling (polarized light plus electri-
cal field) or thermal poling (electrical field at Tg).43 Contradictory properties are
needed for the thermosetting matrix or linear backbone: a flexible material to get
a good orientation during the poling and a rigid system to maintain the orien-
tation in a wide temperature range. On the other hand, the subglass transition
allowing small molecular movements could also be responsible for partial relax-
ation of the orientation, and the flexibility of the connecting group between the
chromophore and the backbone has to be considered. Interesting but not defini-
tive results for the second-harmonic generation were obtained with chromophores
linked to linear high-Tg polyimide or thermosetting like maleimide resins.42,44

5.1.2.6.2 Electroluminescent Devices

An electroluminescent device is based on two materials: an electron-transporting
material and a hole-transporting material under an electrical field. The
recombination of hole and electron gives the electroluminescent signal. Tailored
aromatic diamines like 4,4′′′′-diaminoquinquephenyl45a or heterocyclic diamines
like 2,7-(8)diaminothiantrene45b have been used to prepare polyimides which
are good hole-transporting layers for blue-emitting layers in light-emitting
diode (LED) devices. Other heterocyclic polymers such as polyquinoxalines45c

exhibit electron-transporting properties.45d Recently a toluidine-based polyimide
has been described as a hole-transporting material and gives an electroluminescent
system (green 521–525 nm) with aluminum-8-hydroxyquinolate.45e

5.1.2.6.3 Optical Fiber Waveguide

The transport of an optical signal instead of an electrical one offers many advan-
tages: no crosstalk, no electromagnetic interference, and the possibility of trans-
porting more than one optical signal on the same guide. For opto-electronic appli-
cations, thermal stability of the waveguide is needed to withstand the processing
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temperature, and polyimides have been investigated. Fluorinated polyimides,
which are more soluble than the nonfluorinated materials, can be processed as
fully cyclized solution and give colorless films without flaws. As a consequence,
the optical loss is low.32 A recent example of fluorinated polyimide46 with low
optical loss (0.3 db/cm) and good thermal stability (1 h at 380◦C or 200 h at
85◦C) in humid atmosphere (80% H2O) shows the interest of these materials.

5.1.2.7 Membrane Technologies

Gas separations by distillation are energy-consuming processes. The driving force
for the gas permeation is only the pressure difference between two compart-
ments separated by the membrane. The permeation is governed by two parame-
ters — diffusion and solubility:

P = D × S

When two gases A and B compete to cross a membrane, the selectivity is the
ratio of permeability of A over the permeability of B:

α = PA

PB
= DA

DB
× SA

SB

It has been shown that the diffusion coefficient is the most important factor, and
for two gases with different van der Waals volume, the selectivity is better when
the membrane is a thermoplastic than when the membrane is an elastomer. Poly-
imides which have very high Tg has been extensively studied for O2 –N2 separa-
tion but also for hydrocarbon–CO2 or water separation and H2 –hydrocarbons.47

The relationship between structure and property is always under investigation,
and probably it would be interesting to pay more attention to film preparation and
the resulting morphologies. The most important challenge for industrial develop-
ment is to get high permeability with high selectivity. For that, the control of free
volume by clever substitution of the backbone is probably a promising approach.

5.1.2.8 Proton Exchange Membrane Fuel Cells (PEMFCs)

A fuel cell is an electrochemical reactor with an anodic compartment for the
fuel oxidation giving a proton and a cathodic compartment for the reaction
of the proton with oxygen. Two scientific problems must be solved: finding
a low-cost efficient catalyst and finding a membrane for the separation of anodic
and cathodic compartments. The membrane is a polyelectrolyte allowing the
transfer of hydrated proton but being barrier for the gases.

Fuel cell technology probably offers a new emerging area for polyheterocyclic
polymers as membranes. Fuel cells are interesting in transport applications and
are now being evaluated in Chicago in transit buses with a 275-hp engine working
with three 13 kW Ballard fuel cell stacks.

The car market is demanding, but many questions are still without answer:
What kind of fuel should be used: hydrogen? How can H2 and methanol be
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stored? Should direct electrochemical conversion be used or reforming, giv-
ing H2? Currently, a Mercedes has a 40-L fuel tank of methanol, allowing
250 miles.

Fuel cells are also used for stationary plants in hotels and hospitals, for
example. The production of 5–10 kW residential stacks is expected in the
United States.

What progress is needed?

• In the stack, the graphite plates for gas distribution are too expensive, and
development of vinyl ester–graphite composites is expected.

• For membrane electrode assembly, the development of a Pt–Ru anode
working in the presence of CO is a key point.

• A membrane to replace Nafion should be a goal.

Nafion is a good membrane for a fuel cell working with H2 but does not work
above 80◦C or with methanol. An important work on sulfonated aromatic and
heterocyclic systems is now involving many teams in North America, Europe,
and Japan.48,49

5.1.2.9 Miscellaneous Applications

Polyimide can be used as host for conductive polymers: After diffusion of pyr-
role and its dopant in a polyimide film, pyrrole polymerization is carried out on
a metal electrode. The obtained films show an interesting conductivity (between
3.5 × 10−3 and 15 S/cm).50 Recently, it has been shown that a coating obtained
by blending a polyaniline with a polyimide improves corrosion resistance51a and a
quinone containing polyimide has been prepared for the protection of iron against
corrosion.51b Mica flakes coated with stannic oxide doped with antimony and
titaniumdioxide have been added to a polyamic acid solution. The obtained poly-
imide film can give a laser receptive bar code label with good high-temperature
property.52 In the medical domain, some new polyimide fibers with good blood
compatibility can be used as an intravascular oxygenator.53

5.2 STRUCTURE–PROPERTY RELATIONSHIPS

5.2.1 General Considerations

Polyimides and other aromatic heterocyclic polymers were investigated during
the 1960s in order to obtain high-temperature resistant materials according to
two basic concepts: formation of rigid polymers with low mobility obtained
with the chemical structure prepared with the strongest covalent bonds. The
consequences were a low solubility, rather high glass and crystalline transitions,
and very high viscosity above the transitions. These properties must be considered
as severe drawback for the processing of these materials. The structure–property
relationships in aromatic and heterocyclic polymers have been reviewed by Harris
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and Lannier13 and more recently by Saint Clair,10 by our group,14 and by de Abajo
et al.,20 and in this section we will discuss the relationships between structure
and properties such as thermal transitions and optical and dielectric properties.

5.2.2 Role of Chemical Structure

5.2.2.1 Glass Transition and Solubility

Basically, the first approach to correlate the polyimide chain organization to the
monomer structure was to take into consideration the electron affinity of the
anhydride and the ionization potential of the diamine,10 as shown in Fig. 5.3.
The strongest interactions between the polymeric chain are expected when the
polyimide is prepared with the dianhydride having the highest electron affinity
and the diamine with the lowest ionization potential. The strongest interchain
interaction leads to high Tg and low solubility.

Recently, Ronova and Pavlova54 suggested a set of relations between the con-
formational rigidity and some physical properties of the aromatic polymers. The
conformational rigidity is correlated to the Kuhn statistical segment A calculated
by the Monte Carlo method:

A = lim
n→∞

( 〈R2〉
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Figure 5.3 Reactivity scale as function of electron affinity for dianhydrides and ioniza-
tion potential for diamines.
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where 〈R2〉/nl0 is the ratio of the average square end-to-end distance of a chain to
its contour length, n is the number of repeating units, and l0 is the contour length
of the repeating unit. An increase in A means that the chain rigidity increases and
the relationships between A and the softening temperature, friction coefficient,
yield strength, fiber and film moduli, and more intriguingly the fire resistance
and luminescent properties of the solutions have been discussed. The chains can
interact according to different mechanisms depending on the chemical nature
of the repeating units. For example, hydrogen bonding is responsible for the
benzimidazole chain packing (Fig. 5.4). Thus, the substitution of the hydrogen
atom by a phenyl group leads to a soluble benzimidazole with high Tg,55 but
charge transfers or electronic polarization would explain the polyimide interaction
(Fig. 5.4).

Different methods have been studied to reduce the chain interactions or to
promote a better interaction between a solvent and the polymeric chain:

1. Reactants with asymmetric structures (meta or ortho instead of para
catenation).10,14

2. Reactants with flexible links (O, CO, SO2, CH2, etc.) which disrupt the
conjugation and increase the chain flexibility.10,14

Many reactants like diamines and dianhydrides have been synthesized according to
these previous concepts10 and some of them are commercialized (see Section 5.3.3).
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Figure 5.4 Hydrogen bonding between benzimidazole and charge transfer in polyimide.
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3. Introduction of polar groups in the repeating unit : The replacement of the
carbonyl group in the benzophenone tetracarboxylic anhydride by a ben-
zhydrol group strongly enhances the solubility in aprotic polar solvents.23,24

4. Introduction of bulky substituents: This concept is very interesting because
the bulky substituents in the chain increase the solubility by hindering
the chain packing but do not affect the glass transition temperature. The
phenyl group introduced in the 2- or 3-position on the quinoxaline ring
allows the solubility of the polymers in metacresol–xylene mixtures.58

This observation was probably the starting point for the synthesis of sol-
uble high-Tg heterocyclic polymers which were developed by using cardo
systems, tert-butyl substituents, methyl in the ortho position of the amino
group, methyl or fluoromethyl group in the 2,2′-position of the biphenyl,
2,2′-isopropyl or 2,2′-trifluoroisopropyl groups, and adamantane (Fig. 5.5).

These general effects are summarized in Table 5.1. As can be seen in the table,
unsymmetrical structure and flexible links adversely affect the glass transition.
However, a combination of flexible and polar substituents can increase solubility
without deleterious effect on Tg.

Two polymers have been prepared with the benzophenone tetracarboxylic
dianhydride (BTDA) and either bis-1,3-(4-aminophenoxy)-benzene or bis-1,3-(4-
aminophenoxy)-2-cyano-benzene (Fig. 5.6). Both polymers are soluble in NMP
and their Tg values are respectively 191 and 243◦C.59
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Figure 5.5 Bulky substituents used for preparation of soluble high-Tg polyimides.
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TABLE 5.1 Effect of Chemical Structure on Solubility and Glass Transition

Structure Modification Solubility Tg References

o, m versus p attachment 10, 14

Flexible links 10, 14

Polar groups 56, 57

Bulky substituents 14

O O N

O

O

C

N

O

O
O

z

A (Z = H)
B (Z = CN)

Tg = 191 °C
Tg = 243 °C

n

Figure 5.6 Effect of polar substituents on glass transition.

5.2.2.2 Optical Properties of Colorless Polyimides

As for other polymeric materials, amorphous polyimides exhibit a good trans-
parency. Colorless polyimides result in lowering the electronic conjugation or
charge transfer, and it has been mentioned60 that different fluorinated amines or
anhydrides (Fig. 5.7) give polyimides with UV cutoff of about 315 nm. Control-
ling the refractive index of the colorless polyimides is an important requirement
for the optical waveguide. It is performed by copolymerization of fluorinated
dianhydride (6FDA) with a fluorinated diamine (2,2′-bis trifluoromethyl-4,4′-
diaminobiphenyl, PFMB) and a nonfluorinated one (4,4′-diaminodiphenylether,
ODA). The refractive index of the polymer goes up when the molar fraction of
the nonfluorinated diamine increases. The possible drawback is a higher optical
loss when the proportion of the nonfluorinated amine goes up. It has been shown
that the replacement of the ODA by a chlorinated diamine (2,2′-dichloro-4,4′-
diaminobiphenyl) can increase the refractive index without optical loss.61

Some diamines carrying very bulky substituents like cardo groups can give
colorless polyimides. For example, the bis-9,9-(4-aminophenyl)fluorene (FDA)
or brominated and acetylenic FDA derivatives react with 6FDA giving
copolymer films62 with low birefringence (low difference between in-plane and
out-of-plane refraction index) (Fig. 5.8). A new cardo diamine 1,1-bis[4-(4-
aminophenoxy)phenyl]cyclododecane (Fig. 5.8) reacts with different aromatic
dianhydrides with formation of colorless polyimides.63
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Figure 5.8 Cardo diamines used for preparation of colorless polyimides.

In addition to the research on fluorinated and cardo polyimides, an impor-
tant work was devoted to the semiaromatic cycloaliphatic polyimides. Volk-
sen points out the potential interest of these materials in electronic industry.64

He reports that the simplest procedure to prepare these materials is to use a
cycloaliphatic dianhydride and an aromatic diamine (Fig. 5.9) instead of an
aliphatic diamine and an aromatic dianhydride, which leads to formation of gels.
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Different dianhydrides have been synthesized or are commercially available, and
some structures are shown in Fig. 5.9.64 – 66 An improved method for preparation
of cyclobutanetetracarboxylic dianhydride (CBDA) by photochemical dimeriza-
tion of the maleic anhydride has been developed by Nissan.67 The polyimide
obtained by condensation of CBDA with oxydianiline gives a transparent and
colorless material. The transmittance of 50-µm-thick film is 82% and the UV
cutoff is 310 nm.
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5.2.2.3 Dielectric Properties and Moisture Uptake

The chemical requirements leading to a low dielectric constant (below 3) and
low moisture uptake are the same which were discussed in the previous section.
Bulky substituents like fluoroalkyl, fluoroalkoxyl,68,69 or cardo70 groups allow
the dielectric constant to drop to 2.6–2.7. The moisture uptake is also minimized
for these polymers.71 Similar results were observed with cycloaliphatic imides64

but with a lower thermal stability.

5.2.2.4 Coefficient of Thermal Expansion (CTE)

When a polymeric material is in contact with an inorganic one (as in a composite
or a thin dielectric coating in electronics), the behavior of the system depends on
the CTE of the two materials when a thermal shock occurs. Figure 5.10 shows
the CTE of inorganic and organic materials. The CTE of metals and ceramics
lies between 2 × 10−5 and 1 × 10−6 K−1, compared with amorphous polyimides
in the range of 5.0–8.0 × 10−5 K−1. Any mismatch between organic and inor-
ganic CTEs will create a mechanical stress during thermal shock. More flexible
is the polymeric backbone, the higher is the CTE (the structure relationships are
well documented14). In order to decrease the CTE, dianhydrides and diamines
without flexible links and with para catenation have been extensively used. Con-
cerning BPDA, two possible conformations trans and cis have been discussed.69

Figure 5.11 shows some aromatic diamines with fluoro substituents giving sol-
uble polyimides with low CTE.72 Some rigid heterocyclic diamines with linear
orientation of the diamino groups have been synthesized in order to prepare

Silicon rubber

Metals: Fe, Au, Cu, Ag, Ai

Si

Ceramics:

SiO2, Si3N4, SiC, Ai2O3

42 Ni, 58 Fe

Epoxy resin

Conventional polymide

Polymers
with

low thermal
expansion

(°K−1)

10−4

10−5

10−6

Figure 5.10 Chart showing coefficient of thermal expansion of organic and
inorganic materials.
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Figure 5.11 Monomers for preparation of rodlike polyimides with low coefficient of
thermal expansion.
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Figure 5.12 Rigid heterocyclic diamines and dianhydrides for preparation of
high-moduli polyimides.

rodlike polyimides. 2-(4-Aminophenyl)-6-amino-4-(3H)quinazolone (APQ) and
2-(4-aminophenyl)-6-amino benzimidazole (APB) (Fig. 5.12) were respectively
prepared by Yoshida and Hay73 and Ponomarev et al.74 The condensation of these
diamines with dianhydrides gives rodlike polymers with high moduli. The chem-
istry and properties of the rodlike aromatic and heterocyclic structures have been
reviewed by Arnold and Arnold.75
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5.2.3 Role of Microstructure and Architecture

5.2.3.1 Aromatic and Heterocyclic Block Copolymers

Many copolymers containing a polyarylether segment and a heterocyclic connec-
tion, such as quinoxaline, imidazole, oxadiazole, benzoxazole, or benzimidazole,
have been prepared either by nucleophilic displacement on the fluorophenyl
heterocycle (the withdrawing effect of the heterocycle group enhances the nucle-
ophilic substitution of the fluorine atom) by an α, ω polyarylether bisphenate
(Fig. 5.13) or by the reaction of a dihydroxy heterocycle with an α, ω dihalogeno
polyphenylether. The heterocycle introduction increases the Tg and, in some cases,
a very high crystalline transition was observed.76 However, phase segregation
with two different glass transitions, which is usual for incompatible blocks or
blends, was not observed, probably because the sequences were too short.

Recently an alternate and a block aliphatic and aromatic oxadiazole have
been compared. The copolymers were obtained by reaction of dodecanedioic
acid, (50%) isophthalic acid (50%), and a hydrazine derivative in phosphorus
pentoxide and methanesulfonic acid (Fig. 5.14). When the reaction is carried out
with isophthalic dihydrazide, an alternate copolymer is obtained, but by using
hydrazine sulfate and the mixture of diacids, the more reactive and more soluble
aliphatic diacid first reacts and a block copolymer is obtained. The alternate
copolymer exhibits a crystalline melting point at 100◦C, close to the melting
point of the corresponding aliphatic homopolyoxadiazole. The block copolymer
shows a crystalline transition at 50◦C due to the melting of the aliphatic block and
a glass transition at 240◦C due to the isophthalic oxadiazole block. Heated and
stretched at 150◦C, then cooled down under stress, the block copolymer exhibits
a temporary stable shape without stress at room temperature. The initial shape
is restored by heating without stress at 150◦C. Such a shape memory behavior
would probably be observed with other heterocyclic aliphatic block copolymers
with a large rubbery domain.77

Block and random naphthalenic copolyimides obtained with 4,4′-diamino-
biphenyl-2,2′-disulfonic acid (BDSA) and nonsulfonated aromatic diamine
(Fig. 5.15) were compared from the point of view of moisture uptake and
conductivity. The copolymers were prepared in meta-cresol solution. The
block copolymer was obtained in two steps. First was the condensation of
BDSA with the naphthalene tetracarboxylic dianhydride (NDTA) in molar
ratio BDSA–NDTA calculated for the control of sequence length. Then the
nonsulfonated diamine and NTDA were added to the cresolic solution of the
diamino telechelic sulfonated oligomer. Moisture uptake and conductivity were
higher in the case of the block copolymers, and these phenomena were attributed
to a phase separation in aqueous medium between ionic domains and hydrophobic
segments. Using small-angle neutron scattering (SANS) experiments, a broad
scattering maximum observed in the case of the block copolymer (and not
observed with the random one) confirms that hypothesis.78

From a mechanistic point of view, the polyimide synthesis via the polyamic
acid is not a convenient method of preparing the block copolyimide for two main
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Figure 5.14 Aromatic aliphatic copolyoxadiazoles.
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Figure 5.15 Naphthalenic copolyimides with sulfonated block.

reasons: The formation of the amic acid is reversible and the transamidification
of the polyamic acid is favored by the neighboring participation of the adjacent
carboxylic group.79

5.2.3.2 Hyperbranched Structures

In 1941, Flory80 introduced the concept of hyperbranched macromolecules by
polymerization of a trifunctional AB2 monomer (Fig. 5.16). From a chemical
point of view, perfectly defined structures were obtained when the monomer
reactions were performed step by step: At each step, a polyfunctional molecule
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Figure 5.16 Formation of (a) hyperbranched and (b) dendritic macromolecules.

AB2 reacts selectively with only one antagonist function of a second poly-
functional molecule, the other ones being protected81 (Fig. 5.16). The perfect
hyperbranched molecules obtained according to that step-by-step process are
called dendrimers. The degree of branching characterizes the structure of a hyper-
branched polymer and has been defined by Hawker et al.82 as

DB = D + T

D + T + L

where D, T , and L are the number of dendritic, terminal, and linear units
in the polymers, which are determinated by 1H and 13C nuclear magnetic
resonance (NMR) spectroscopy by comparison with the model structure for each
polymer unit.

In 1996, Hawker and Frechet83 discussed a comparison between linear
hyperbranched and dendritic macromolecules (Fig. 5.17) obtained with the
same monomeric structure, 3,5-dihydroxybenzoic. The thermal properties (glass
transition and thermal decomposition) were not affected by the architecture.
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Figure 5.17 (a) Linear, (b) hyperbranched, and (c) dendritic aromatic polymers.

However, dendrimeric and hyperbranched polyesters are more soluble than the
linear ones (respectively 1.05, 0.70, and 0.02 g/mL in acetone). The solution
behavior has been investigated, and in the case of aromatic hyperbranched
polyesters,84 a very low α-value of the Mark–Houvink–Sakurada equation
(η = KMα) and low intrinsic viscosity were observed. Frechet presented a
description of the intrinsic viscosity as a function of the molar mass85 for different
architectures: The hyperbranched macromolecules show a nonlinear variation
for low molecular weight and a bell-shaped curve is observed in the case of
dendrimers (Fig. 5.18).

A review of hyperbranched AxB monomers gives a general view of the prop-
erties of these materials86:

• Glass transition is strongly affected by the chemical nature of the endgroups.
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Linear

Hyperbranched

Dendrimer

log  M

log   y

Figure 5.18 Variation of intrinsic viscosity as function of molar mass for linear, hyper-
branched, and dendritic macromolecules.

• In the molten state, a Newtonian behavior was observed, a consequence of
lack of entanglements. The melt behavior is also dependent on the structure
of the endgroups.

• Melt viscosity is lower than the one of corresponding linear polymers, but
polar endgroups can increase the viscosity by several orders of magnitude.

However, Sendijarevic and Mac Hugh87 pointed out that hyperbranched
polyetherimides (PEIs)88 exhibit a rheological behavior depending on the molar
mass. They concluded that the polymers are characterized by a more open
structure with entanglement leading to a viscoelastic behavior when the molecular
weight Mn reached 20,000. The strategy of synthesis of hyperbranched polyimides
will be discussed in Section 5.4.

5.3 OVERVIEW OF CHEMISTRY AND ANALYTICAL TECHNIQUES

5.3.1 Chemistry and Catalysis

5.3.1.1 Catalytic Systems

This section presents catalytic systems that have been studied for either the
synthesis of monomers or polymerization. In addition, some new catalysts, work-
ing in smooth conditions, which could be used for high-performance polymers
synthesis are discussed.



288 POLYIMIDES AND OTHER HIGH-TEMPERATURE POLYMERS

5.3.1.1.1 Phase Transfer Catalysts

By exchange or complexation with the counterion of a nucleophilic reagent,
such as a phenate, a phase transfer catalyst enhances the nucleophilic character
of the reagent and makes it soluble in less polar medium. The main phase
transfer agents are crown ethers or ammonium salts. The classical ammonium
salts (tetrabutylammonium salts) do not withstand high temperature due to
β-hydrogen elimination. Brunelle and Singleton89 found that some β-tert-alkyl
ammonium salts are stable up to 300◦C. This type of phase transfer agent was
used by Hoffman et al.90 to activate the reaction of some bisphenates with the
4,4′-(bis-4-chlorobenzoyl) benzene, and high-molecular-weight polyetherketones
were obtained.

5.3.1.1.2 Lanthanide Catalysts

Samarium iodide has been used for the reductive coupling of ether acid chloride,
giving α-diketone, or aldehyde with formation of α-diols. Similarly, chlorosilane
gives disilane. These reactions take place in smooth conditions (room tempera-
ture) with high yield.91 The trifluoromethane salts of several lanthanides behave
like Lewis acids and are stable in aqueous media.92 In these conditions their
catalytic effect on the Diels-Alder reactions in the presence of water, the aldol
reaction, or Michael addition was demonstrated. An interesting example of the
condensation of benzaldehyde with indole is shown (Fig. 5.19) and probably
could be used in polycondensation. Lanthanide triflates93 have been used for
condensation of aliphatic or aromatic nitriles with α,ω-diamino ethane or propane,
leading to the corresponding cyclic amidines (Fig. 5.19).

R CN      +

N
H

CHO
Dy(OTf)3

EtOH/H2O

H2N

(CH2)n

H2N

(Ar)

N

C

N

(CH2)nR

H

N
H

N
H

C

+

(a)

n = 2,3

M = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er

(b)

(Ar)

Figure 5.19 Lanthanide trifluoromethanesulfonic salts as catalysts.
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5.3.1.1.3 Catalyst for Aromatic Coupling

Aromatic coupling has been used for the preparation of functionalized monomers
and also for polymerization. With Ni (obtained by reduction of NiCl2 by Zn),
triphenylphosphine, and 2,2-bipyridine, Colon and Kwiatkowski94 obtained a
high-molecular-weight polyethersulfone in DMAC by poly coupling of 4,4′-
(bis-4-chlorophenoxy)diphenylsulfone. The presence of ZnCl2 in the polymer
could have a deleterious effect on the aging behavior, and another nickel-based
catalytic system was published by Yamamoto et al.95 The reduction of nickel
acetate was performed by the sodium hydride. With this catalyst the coupling of
2,5-dialkoxy-1,4-dichlorobenzene takes place in tetrahydrofuran (THF). No chlo-
rine was observed in the polymer and the rather low molecular weight obtained
(103 –104 Da) is probably the consequence of a competitive reduction of the chlo-
rine by the catalytic system. The coupling is usually performed with a halogen
derivative: however Percec et al.96a showed that the coupling could occur with
a triflate instead of a halogen. The reaction was performed with a benzene ring
carrying nitrile or ester in the ortho, meta, or para position (Fig. 5.20). The very
high yield makes this method very interesting for the preparation of monomers
and polymers.96b

The Suzuki reaction97 allows the coupling of two aromatic rings by reaction
of an arylboronic compound with a iodo or bromo aryl derivative. The tetrakis
(triphenylphosphine) Pd is the catalyst working in the basic medium. This
reaction was recently used98 in aqueous media for the preparation of different
isomers of diphenyldicarboxylic acids (Fig. 5.21) but also for the synthesis of
soluble rodlike polyimides99 by coupling the 3,6-diphenyl-N ,N ′-bis(4-bromo-
2,5-didodecylphenylene)pyromellitic diimide with 2,5-didodecylbenzene-1,4-
diboronic acid (Fig. 5.21). The reaction was carried out in a heterogeneous
system (water and toluene). The molar mass (Mw = 72,300 Da) was measured
by membrane osmometry in o-dichlorobenzene.

5.3.1.1.4 Other Metal-Catalyzed Polymerizations

A direct route to obtain polyimides and polybenzoxazoles without diacid has
been explored by using direct carbonylation of an aromatic diiodo compound.100

The reactions were performed in polar aprotic solvent. The cheaper chlorine
derivative can be used instead of the iodo one when it is located on a strongly

OSO2CF3 X
NiCl2, P(Φ)3, Zn
Et4NI
THF

X X

Yield > 93%

X = ester, nitrile, ...

Position: o, m, p

+

Figure 5.20 Aromatic coupling with trifluoromethanesulfonate as leaving group.
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Figure 5.21 (a) Monomers and (b) polymers syntheses by Suzuki reaction.

electron withdrawing ring. For example, 4,3′-bis(4-chlorophthalimido)diphenyl
ether reacts with 4,4′-(4-aminophenoxy)biphenyl at 90 psig CO in the presence
of PdCl2(PO3)2 in NMP at 90–100◦C. A polyamide imide (Mn = 38,600) was
obtained (Fig. 5.22). A similar reaction starting from the 4,4′-diiododiphenyl
ether and a bis-ortho-aminophenol leads to a polyamidophenol which is cyclized
by thermal treatment at 250–300◦C (Fig. 5.23) in polybenzoxazole. An original
synthesis of polyquinoxaline-2,3-diyls has been reported. The monomer was 1,2-
diisocyanobenzene, and polymerization had been initiated by a methyl Pd(II)
complex. The polymerization proceeds with step-growth insertion of the isocyano
group on carbon palladium bonds101 (Fig. 5.24).
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Figure 5.23 Synthesis of polybenzoxazoles by catalytic carbonylation of 4,4′-diiododi-
phenylether.
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Figure 5.24 Synthesis of polyquinoxaline-2,3-diyl.

5.3.2 Specific Imide Chemistry

5.3.2.1 Condensation in Smooth Conditions

Photosensitive functions are in many cases also heat sensitive, so the preparation
of photosensitive polyimides needs smooth conditions for the condensations
and imidization reactions. Some chemical reactants, which can be used for
polyamide preparation, have been patented for the synthesis of polyimides
and polyimide precursors. For example, chemical imidization takes place at
room temperature by using phosphonic derivative of a thiabenzothiazoline.102

A mixture of N -hydroxybenzotriazole and dicyclohexylcarbodiimide allows
the room temperature condensation of diacid di(photosensitive) ester with
a diamine.103 Dimethyl-2-chloro-imidazolinium chloride (Fig. 5.25) has been
patented for the cyclization of a maleamic acid in toluene at 90◦C.104 The
chemistry of imidazolide has been recently investigated for the synthesis of
polyimide precursor.105 As shown in Fig. 5.26, a secondary amine reacts with
a dianhydride giving meta- and para-diamide diacid. The carbonyldiimidazole
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Figure 5.25 Cyclization of maleamic acid with imidazolinium salt.
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Figure 5.26 Synthesis of rodlike polyimide using imidazolide chemistry.

gives smoothly at room temperature the bisimidazolide. The para isomer
condensation with a 4,4′-diaminodiphenyl monomer gives a lyotropic solution of
polyimide precursor. Imidazole blocked isocyanates react with a dianhydride in
rather smooth conditions. Both monomers dissolved in N ,N ′-dimethylpropylene
urea containing 4-dimethylaminopyridine were heated at 120◦C and a fully
cyclized polyimide was obtained (Fig. 5.27).106

5.3.2.2 Solid-State Condensation

Some examples concerning the polyimide synthesis by condensation of the
crystalline salts obtained with the aliphatic or aromatic diamines and aromatic
tetraacids will be discussed in Section 5.4.1.



294 POLYIMIDES AND OTHER HIGH-TEMPERATURE POLYMERS

O

O

O

+
N

N C

O

NH Ar

DMPU

DMAP
120 °C

N

O

O

Ar
N

N

H

+ CO2 +

Figure 5.27 Polyimide synthesis with imidazole blocked diisocyanate and dianhydride.

5.3.2.3 Polyimide Preparation in New Solvent

Diacetone alcohol has been recently claimed as a solvent for polyimide
preparation. According to the patent,107 ODA was dissolved in the solvent and
then PMDA added to the solution. The patent claims good storage stability and
easy removal of the solvent (boiling point: 166◦C).

5.3.2.4 Experimental Processes

General procedures108 of both main solution preparations of polyimides are given
below: These procedures are representative and can be applied to all types of
dianhydrides.

1. Synthesis in NMP. The dianhydride (1.35 mmol) is added to a stirred solu-
tion of 1.35 mmol of the diamine in NMP (solid content 15% w/w) under
N2 at room temperature. After 24 h, 2.97 mmol of pyridine and 2.97 mmol
of acetic anhydride are added. After 24 h, the solution is diluted with 8 mL
of NMP and then added to 600 mL of ethanol. The polyimide is collected
by filtration, washed with ethanol and ether and then dried at 125◦C under
reduced pressure for 24 h.

2. Synthesis in m-cresol. The dianhydride (1.35 mmol) is added to a stirred
solution of 1.35 mmol of the diamine in the appropriate amount of m-cresol
containing 6 drops of isoquinoline under N2 at room temperature. After 3 h,
it is heated to reflux (ca. 200◦C) and maintained at that temperature for 3 h.
During this time, the water of imidization is distilled from the reaction mix-
ture along with 1 to 3 mL of m-cresol. The m-cresol is continually replaced
to keep the total volume of the solution constant. After the solution is allowed
to cool to room temperature, it is diluted with 20 mL of m-cresol and then
slowly added to 1 L of vigorously stirred 95% ethanol. The precipitated
polymer is collected by filtration, washed with ethanol and ether and dried
under reduced pressure at 125◦C for 24 h.
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This one step method has been used for the syntheses of rodlike polyimides,
for example with 3,3′,4,4′-biphenyltetracarboxylic dianhydride (BPDA) and 2,2′-
bis(trifluoromethyl)-4,4′-diaminobiphenyl (PFMB).109

5.3.3 Monomer Syntheses

The development of polyimides either matching different processability require-
ments or exhibiting new, specific properties is the driving force for the research
in new monomers. For structural applications, easy processability, good mechan-
ical properties, and good aging behavior are needed, but the low cost is an
important constraint. Considering the functional applications (electronic, liquid
crystal devices, membrane for gas separations, fuel cell membranes), the cost is
somewhat bit less important, and in some cases (e.g., nonlinear optical devices),
preparation of the monomer carrying the functional group will be a multistep
synthesis. For industrial reasons, the modification of the diamines is more inves-
tigated than the modification of dianhydrides.

5.3.3.1 Diamines and Dianhydrides for Processable Polyimides

The relationships between structures and properties are well documented, and
the different approaches to get processable polyimides have been discussed in
Section 5.2.2.

5.3.3.1.1 Diamines: General and Experimental Methods

A variety of aromatic diamines have been used for the synthesis of polyimides.
It would be too time consuming to report all the pathways described in litera-
ture, so here only the most common ones are considered. The biggest part of
these different methods leads to nitro compounds generally reduced using H2 or
hydrazine monohydrate with catalytic amounts of Pd–C in refluxed ethanol or
dioxane. The numbers in parentheses refer to Fig. 5.28:

(1) Reaction of bisphenol with chloronitroaromatic compounds was generally
performed in dimethylformamide (DMF) or dimethyl sulfoxide (DMSO)
at reflux using K2CO3 as a base.108,109 It is possible to achieve this
condensation in Ullmann’s conditions by using a cuprous chloride or
iodide–pyridine system as a catalyst; when this reaction is performed with
deactivated aromatic compounds, it gives too poor yields110; ultrasounds
can dramatically improve yields without solvent.111

(2) Fluorenone is treated by excess of aniline in the presence of aniline
hydrochloride.112

(3) Halogenonitroaromatic compound is heated to reflux of DMF with excess
of dendritic copper powder.113,114 It is possible to use Ni or Zn.

(4) Reduction of the nitroaromatic with NaBH4 in DMSO or Zn in
NaOH/EtOH leads to the hydrazo derivative and treatment with aqueous
HCl gives benzidine rearrangement.115
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(5) Triphenylphosphine oxide is dissolved in cooled H2SO4 and fuming nitric
acid is added.116 Dinitro derivative is the major compound (80%) with
mononitro and trinitro as by-products (about 10% each).

(6) It is possible to apply one of the oldest reaction, Friedel–Crafts, for the
synthesis of diamines.

(7) TNT-based condensation monomers. The synthesis of these materials is
presented humorously by Russian authors a as consequence of the end
of the Cold War. The synthesis, based on a very easy nucleophilic dis-
placement of an activated nitro group, offers many possibilities for the
synthesis of diamines bearing a functional group.117

5.3.3.1.2 Functional Diamines

Some recently published diamines could find interesting applications. For
example, the structure of the diaminoquinone-diimine118 is very close to the
one of the polyaniline. A rigid para five-ring pyridine salt diamine reacts
with the dianhydride leading to a lyotropic solution. After cyclization, the
polyimide exhibits reversible color upon irradiation.119 A furane-containing
diamine shows a blue photoluminescence at 442 nm with a high quantum yield
(0.92). The corresponding polyimide with pyromellitic dianhydride shows also a
blue photoluminescence at 419 and 436 nm.120

5.3.3.1.3 Dianhydrides: General and Experimental Methods

There are only two inexpensive dianhydrides: 3,3′,4,4′-benzophenonetetracarbox-
ylic dianhydride (BTDA) and pyromellitic dianhydride (PMDA). Some
other commercially available dianhydrides were used, like 3,3′,4,4′-
biphenyltetracarboxylic dianhydride (BPDA), 2,2′-bis(3,4-dicarboxyphenyl)
hexafluoropropane dianhydride (6FDA), oxydiphthalic anhydride (ODPA), and
3,3′,4,4′-diphenylsulfonetetracarboxylic dianhydride (DSDA) (Fig. 5.29). Many
other dianhydrides are reported in the literature (Fig. 5.30):

(8) A patent claims the semihydrolysis of PMDA for the synthesis of alter-
native polyimides with different diamines.121

(9) and (10) Many dianhydrides are prepared by a Diels-Alder reaction.122,123

(11) An elegant synthesis of a dianhydride with pendant p-nitrophenyl group
has been reported by a Spanish group.124

Alicyclic dianhydrides are interesting for electronic applications. The polyimides
obtained from them are colorless with high transparency in the visible range,
exhibit low birefringence,125 and have a low dielectric constant.126 The reactivity
of the polycyclic aliphatic dianhydride has been investigated. For example,
bicyclo-[2,2,2]-oct-7-ene tetracarboxylic dianhydride reacts quickly with an
aromatic amine because the bicyclo-imide is less strained than the corresponding
dianhydride.127
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5.3.4 Analytical Methods

5.3.4.1 Differential Scanning Calorimetry

Measurement of glass transition temperature is usually done either by the calori-
metric method (DSC, which “sees” the variation of Cp) or by the mechanical
method [mainly dynamical mechanical analysis (DMA), which can measure the
loss tangent or the loss modulus E′′ or elastic modulus decrease onset]. The deter-
mination of Tg by DSC is a controversial subject: Some authors use the midpoint
of the heat capacity variation and others use the extrapolated onset temperature.
A comparison of both DSC and DMA methods for the Tg determination has
been reported. In the case of polyimide the difference was between 2 and 4◦C.128

The determination of glass temperature for a polyamic acid cannot be done by
classical DSC because the heat flow due to the imidization is important, so the
variation of the specific heat flow cannot be observed. An oscillating differential
scanning calorimeter allows a distinction between the two phenomena.129 The
Tg of several polyamic acid films containing different percentage of NMP were
obtained. Then a calculation based on the Gordon–Taylor equation gives the Tg

of the solvent free polyamic acid:

PMDA–ODA: polyamic acid Tg = 207◦C.
DPDA–PDA: polyamic acid Tg = 166◦C.
BTDA–PDA: polyamic acid Tg = 213◦C.
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A report130 of DSC measurements on polybenzimidazole fibers describes impor-
tant differences for the glass transition temperature depending on the mechanical
treatment of the fiber. An as-spun fiber exhibits a Tg at 387◦C instead of 401◦C
for a drawn fiber free to shrink or 435◦C for a drawn fiber with fixed length.
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5.3.4.2 Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is the most popular method for
determining the imidization process in the solid state and identifying specific
substituents on the macromolecular backbone (e.g., CN, SO3H, CO, SO2).131 A
method for calculating the thermal imidization extent based on FTIR data has
been reported by Pride.132 Raman spectroscopy was used on the model study
of PMDA–ODA condensation, and the possible formation of an imine bond by
reaction of an amino group with an imide carboxyle was evidenced.133

5.3.4.3 NMR Spectroscopy

Proton and carbon NMR are extensively used for the characterization of
monomers and soluble polyimides and other heterocyclic polymers.117,119,125 – 127

Studies concerning the polyamic acids are limited due to the complex spectra
of these materials (uncertainties of peak identification) and to the presence of
solvents. However, amic acid reverse reaction and redistribution (Fig. 5.31) were
studied using this technique.26 The thermal curing of PMDA–ODA polyamic
acid and the hydrolysis of the corresponding polyimide have been investigated by
N-15 solid-state NMR with cross-polarization magic-angle spinning (CPMAS).
This method furnishes indications concerning the nature of the nitrogen (imide,
isoimide, amide, amine) in the macromolecule.134 Fluorine-19 NMR can be used
in any solvent with no spectral interference. The method is very sensitive because
fluorine chemical shift is strongly dependent on the chemical environment. It can
be used for mechanistic studies concerning chemistry of the amic acids in NMP
solutions.127,135

5.3.4.4 Positron Annihilation Lifetime Spectroscopy (PALS)

The sizes and concentration of the free-volume cells in a polyimide film can
be measured by PALS. The positrons injected into polymeric material combine
with electrons to form positroniums. The lifetime (nanoseconds) of the trapped
positronium in the film is related to the free-volume radius (few angstroms) and
the free-volume fraction in the polyimide can be calculated.136 This technique
allows a calculation of the dielectric constant in good agreement with the exper-
imental value.137 An interesting correlation was found between the lifetime of
the positronium and the diffusion coefficient of gas in polyimide.138,139 High
permeabilities are associated with high intensities and long lifetime for positron
annihilation.

5.4 SYNTHETIC METHODS

5.4.1 Polyimides

5.4.1.1 Basic Principles for Synthesis of AABB Polyimides

Polyimides syntheses starting from dianhydrides (or derivatives such as bis acid-
esters) and diamines (or derivatives like silyl- substituted diamine or isocyanate)
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have been extensively reviewed by Takekoshi.26 We will give here only the
general features of the two most important methods used for industrial production.

5.4.1.1.1 Low-Temperature Condensation in Aprotic Solvent

N -methyl pyrolidinone is used in most cases. Figure 5.31 summarizes the main
reaction which can take place during the process and the corresponding rate con-
stant. The formation of diamide has also been evidenced.140 The reactivity is
governed by the electron affinity of the anhydride and the ionization potential
or basicity of the diamine (see Section 5.2.2.1). When a diacid with a low elec-
tron affinity reacts with a weak nucleophilic diamine, a low-molecular-weight
is obtained, because the reverse reaction is not negligible compared with the
forward reaction.

Although the condensation of a dianhydride with a diamine is catalyzed by
organic acids, in aprotic solvent, the formation of the amic acid is not autocat-
alytic because the amic acid is in a strong and exothermic interaction with the
solvent. Among the side reactions, the anhydride hydrolysis is important in the
case of the most reactive dianhydride such as PMDA, but the water can also
hydrolyze the amic acid (Fig. 5.31). The viscosity of the solution reaches a max-
imum and decreases as a function of time. When the reaction starts, the large
observed polydispersity of the molar mass with very high Mw is responsible for
the high solution viscosity. The reverse reaction leads to an equilibrium and the
Mw/Mn ratio decreases.79 When the formation of polyimide occurs by thermal
imidization, a phase separation takes place before the total cyclization of the
chain, and after solvent removal, the cyclization rate is governed by the Tg of
the polyimide. The chemical imidization is performed by reaction with acetic (or
other) anhydride added to the solution. Tertiary alkyl amines or aromatic pyridine
derivatives catalyze the reaction. The problem of the cyclization in heterogeneous
medium still remains except for soluble polyimide.

5.4.1.1.2 High-Temperature Condensation in Cresolic Medium

This method is being increasingly used for the preparation of soluble polyimides,
and the rate is faster than in aprotic solvents. This method allows for preparation
of block copolyimides.78

5.4.1.2 Trends in Synthetic Methods

5.4.1.2.1 Transimidization

The competition at 200◦C between an aliphatic and an aromatic amine toward
the formation of an imide is a very selective reaction (Fig. 5.1) for the forma-
tion of an aliphatic imide.141 This reaction suggests that the reactive processing
in extruder, for example, could be used to transform a melt-processable poly-
imide with an oligomer end capped with an aliphatic amine. In order to get
a perfectly alternate block polyimide–block siloxane, Rogers et al. used low-
temperature transimidization.142 An oligomeric aromatic imide was end capped



SYNTHETIC METHODS 303

with 2-aminopyrimidine, which is a nice leaving group when the aminopropyl-
terminated polydimethylsiloxane reacts at 110◦C in chlorobenzene (Fig. 5.2).

5.4.1.2.2 Polyimides by Vapor-Phase Deposition

An IBM team143 described an apparatus for the vapor-phase polymerization of
PMDA and ODA. The condensation in the vapor phase is avoided, and the
polycondensation takes place on the solid surface giving a polyamic acid. The
thickness reproducibility is about 2% for a thickness from 10 nm to 20 µm.
Imidization is performed by thermal treatment at a temperature above 175◦C.
The dielectric constant of the polyimide film (2.91 ± 0.03) is lower than the one
obtained by classical deposition of polyamic acid in NMP solution (3.5). The bire-
fringence (in-plane refractive index minus out-of-plane refractive index) is also
lower than the birefringence of the spin-coated polyimide. More recently the ten-
sile strength of PMDA–ODA polyimide film obtained by vapor-phase deposition
has been measured. Values ranging between 85 and 100 MPa are interesting but
lower than the ones obtained with commercial films (Kapton: 230 MPa; Upilex:
400 MPa).144 The preparation of PMDA–ODA polyimide shells was performed
by vapor-phase polymerization of the monomers on to spherical mandrels of
poly-α-methyl styrene. By heating at 300◦C, the mandrel is decomposed into
α-methyl styrene which permeated through the polyimide shell.145 The vapor-
phase preparation of polyimide has been reviewed until 1995.146

5.4.1.2.3 Polyimide Synthesis without Solvent via a Monomeric Salt

The first patent of Edwards and Robinson147 claims the condensations of pyromel-
litic acid and aliphatic diamine salt to prepare polyimide. Recently, that approach
has been revisited, and biphenyl tetracarboxylic and pyromellitic acids give a salt
monomer by reaction with 1 mol of an aliphatic diamine (octamethylene diamine
and dodecamethylene diamine). The salts were polymerized under 250 MPa at
250◦C for 5 h in closed reaction vessels (Fig. 5.32) giving crystalline polymers.148

By reaction of pyromellitic tetraacid with oxydianiline, it has been possible to iso-
late a monomeric salt. It was polymerized under 30 MPa giving a PMDA–ODA
polyimide with water elimination.

5.4.1.2.4 Synthesis or Processing of Polyimide in Water

For ecological and economical reasons, water is the most interesting solvent for
the chemical industry. Although it is well known that imide formation gives
1 mol of water per imide ring and that the intermediate amic acid is moisture
sensitive, the synthesis of polyimide has been observed in water medium probably
by formation of a salt, as evidenced by Imai et al.149 The formation of polyimide
from polyamic acid trialkylamine salt has been investigated for two main reasons.
First, the formation of a salt may increase the hydrolytic stability by preventing
the reverse reaction (formation of amine and anhydride). The second advantage
would be an enhanced imidization rate as previously mentioned by Kreuz et al.150

The polyamic salts were prepared by dissolution of the polyamic acid in water or



304 POLYIMIDES AND OTHER HIGH-TEMPERATURE POLYMERS

HOCO

HOCO

COOH

COOH

+ H2N (CH2)n NH2

OOC

HOOC

COO

COOH

NH3 (CH2)n NH3

Salt
250 °C

220° MPa
N

O

O

N

O

O

(CH2)n

m
n = 8, 12

HOCO

HOCO

COOH

COOH

O NH2NH2+
MeOH

HOCO

O CO

COO

COOH
m

O NH3H3N

N

O

O m

N

O

O

O
30 MPa

m

mm
Salt

Figure 5.32 Solid-state syntheses of polyimides.

methanol and a tertiary amine was added with an excess of 10%. Thermal imidiza-
tion was monitored, detecting imidization products by gas chromatography/mass
spectrometry (GC/MS) analysis. The cyclization would proceed according to a
nucleophilic substitution to form the polyamic ester (Fig. 5.33).

5.4.1.2.5 Crystalline Polyimide Powders

The thermal imidization of a polyamic acid film (PMDA–ODA or BPDA–ODA)
obtained by casting an NMP solution leads to an amorphous polyimide. Two
different teams have shown that a polyamic acid solutions in NMP heated
at 200◦C for a short time (20 min) gives polyimide particles fully cyclized
and highly crystalline, as shown by X-ray diffraction and solid 13C NMR
spectroscopy.151,152 The chemical imidization of the same solution gives only
amorphous particles. The difference between the cyclization of a solution and
a casted film in the same solvent is intriguing. In the case of the solution, the
temperature and the heating time are lower than in the case of the casted film;
as a consequence, a less organized structure would be expected for the particle.

5.4.1.3 AB Polyimides

The first AB polyimide was observed 92 years ago when reduction of
4-nitrophthalic anhydride did not give the expected aminophthalic anhydride.153
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In fact, the 4- or 3-aminophthalic anhydride (4-APA and 3-APA) gives only
intractable oligomers as pointed out later.154 Interesting are the attempts of vapor-
phase deposition of 4-APA, 3-APA, and 4-amino naphthalic anhydride (4-ANA).
The sublimation of 3-APA gives only a low yield of polyimide. With both 4-APA
and 4-ANA no sublimation took place and oligomeric products were formed
before melting.154

Tractable polymers can be prepared when amino and anhydride functions are
not located on the same aromatic ring, and different strategies were employed
to obtain soluble polymer. AB benzhydrol imide was prepared by polycondensa-
tion of 4-(3-amino-1-hydroxymethylene) phthalic acid monomethyl ester in NMP.
The polymer soluble in NMP has been used as adhesive and coating.56 A second
approach was based on an ether imide structure. AB aminophenylether phthalic
acids (Fig. 5.34) were prepared by a multistep synthesis from bisphenols.155 The
products are stable as hydrochloride, and the polycondensation takes place by
activation with triphenylphosphite. The polymers are soluble in an aprotic polar
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solvent such as DMAc, NMP, and m-cresol. The utilization of bulky structure was
the third approach. The 3-amino-5,6,9,10-tetrahydro[5]helicene-7,8-dicarboxylic
anhydride has been isolated in stable pure form. The polymerization takes place
by heating at 200◦C in cresol, giving a high-molecular-weight product.156

5.4.1.4 Hyperbranched Polyimides

The literature devoted to hyperbranched polyimides is not yet very abundant
compared with other dendritic macromolecules. The one-pot polycondensation
of an ABx monomer leads to systems with a degree of branching dependent
on polymerization degree86 but always less than 100% due to partial formation
of linear units. Considering an AB2 monomer, a degree of branching of 100%
can be reached if, after the reaction of A with one B, the reactivity of a
second B is enhanced by a kind of anchimeric assistance according to the scheme
in Fig. 5.35. B∗ will react more easily than the other B with A and the
yield for each step will be close to 100%. A maleimido azine is basically
an AB2 monomer in which the maleimide is the A group and the azine
function is a BB system because two maleimides are needed for one azine, as
shown in Fig. 5.35.157 An AB2 monomer based on 3,5-dihydroxyphenyl-4-fluoro-
phthalimide was prepared by reaction with tertiobutyldimethylchlorosilane158
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(Fig. 5.36). The polycondensation took place by heating with CsF as a catalyst at
240◦C in diphenylsulfone. The degree of branching of 65% has been determinated
by proton NMR comparing with model. This hyperbranched polyetherimide is
soluble in many organic solvents except paraffins, methanol, ethanol, and water.

Another synthesis of AB2 hyperbranched polyimide based on the more clas-
sical reaction of an acid ester group (part A) with two amino groups (part B)
was recently described.88 The polycondensation was a two-step synthesis. First, a
hyperbranched polyamide ester was prepared by polycondensation in the presence
of 2,3-dihydro-2-thioxo-3-benzoxazolyl phosphonic acid diphenyl ester (DBOP).
Second, a chemical cyclization was performed with acetic anhydride and pyri-
dine, and the unreacted amino group undergoes an acetylation (Fig. 5.37). The
degree of branching of 48% was calculated with proton NMR spectroscopy after
identification of the signals corresponding to the dendritic, linear, and terminal
aromatic protons with three model compounds. This type of hyperbranched poly-
mer exhibits a good solubility in NMP and the DSC trace shows a glass transition
temperature at 193◦C.

An unusual method has been used to prepare a hyperbranched polyimide
starting from two monomers: a difunctional A2 and a trifunctional B3. The
gel formation can be avoided with careful control of the polycondensation con-
ditions (molar ratio, order of the monomer addition, and low concentration).
The A2 and B3 monomers were respectively 6FDA and tris(4-aminophenyl)



SYNTHETIC METHODS 309

C

C

O

OCH3

O

HO

O

O NH2

NH2

+ O P N O

O
2

O

NH

NH

H

n

Acetic
anhydride

O

O NH CO
N

O

O

CH3

O

O

O

C

O

OCH3

O n

CC

O

Figure 5.37 Hyperbranched polyimides in smooth conditions.

amine (TAPA). The molar ratio of 6FDA–TAPA was 1/1 when the dianhydride
was added to a solution of TAPA and an amino-terminated hyperbranched poly-
imide was obtained. When the TAPA was added to a dianhydride solution, a
2/1 6FDA–TAPA molar ratio is needed in order to get an anhydride-terminated
polymer.159 The degree of branching estimated by 1H NMR determination was
in the range of 70%. The glass transition temperature of the amino-terminated
hyperbranched polyimide was a little bit higher than the one of the anhydride-
terminated polymer (339 vs. 320◦C).

5.4.2 Polyquinoxaline (PQ) and Polyphenylquinoxaline (PPQ)

The synthesis and properties of PQ and PPQ have been previously reviewed,17,160

and this section will discuss mainly the recent trends in synthesis.

5.4.2.1 Synthesis by Formation of Heterocyclic Ring: Main Features

The basic reaction is the condensation of a bisorthodiamine with a bisethane-
dione (Fig. 5.38). The first papers described the unsubstituted quinoxalines,161

but the phenylquinoxalines described later162 are more stable against oxydative
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degradation and more soluble. The synthesis can occur in many solvents. How-
ever, meta-cresol is the best one for both kinetic and solubility aspects; PPQs
are amorphous materials probably because three types of linkages (22′, 23′, 33′)
have been evidenced (Fig. 5.38) by 13C NMR spectroscopy.17 The relationship
between structure and properties discussed in Section 5.2 has been observed for
the polyquinoxalines. It can be pointed out that the effect of the chain termina-
tion on the stability against oxidation was clearly identified in the PPQ series.
The stability decreases according to the following order: phenyl and capped
PPQ > ketone-terminated PPQ > amine-terminated PPQ.163

5.4.2.2 Synthesis by Nucleophilic Displacement

The SNAr reaction takes place when a phenoxide reacts with an activated
aromatic halogen or nitro group (Fig. 5.39). Takekoshi showed that an imide
group can play the role of a withdrawing group and activate the nucleophilic
displacement of a halogene or nitro group located on the 4-carbon.164 Labadie
et al.165 investigated the withdrawing behavior of other heterocyclic groups
such as quinoxaline, benzimidazole, benzoxazole, and benzothiazole. These
heterocycles activate the fluoro (and in some cases the nitro) displacement from
aromatic ring. The polycondensation is carried out in the presence of potassium
carbonate in an anhydrous NMP–toluene mixture when the activating group
is the phenylquinoxaline and in the NMP in the case of benzazole activation
(Fig. 5.39). The bisphenates coming from bisphenol-A and bisphenol-6F were
used, and the obtained polyarylether phenylquinoxalines showed Tg ranging
between 230 and 270◦C and ductile mechanical properties (elongation on the
order of 20%). The synthesis by nucleophilic displacement does not avoid the
handling of the aromatic tetraamines (carcinogenic products) for the synthesis
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Figure 5.39 Heterocyclic ring as activating group for nucleophilic substitutions.

of the bisfluoromonomers. The preparation of AB monomer is probably a safer
approach. Recently Baek and Harris166 prepared a new AB polyphenylquinoxaline
precursor mixture of 3-(4-hydroxyphenyl)-2-phenyl-6-fluoro quinoxaline and
isomer with the hydroxyphenyl group located on the 2-carbon. The synthesis
of the monomer is shown for the last step in Fig. 5.40 and the polymerization
is carried out in NMP–toluene in the presence of potassium carbonate. The
viscosities of the AB PPQs obtained by this method ranged from 1.11 to
1.29 dL/g. The properties of these materials have been investigated as film
adhesive and composite. The film had a tensile strength of 114 MPa, Young’s
modulus of 3.7 MPa, and elongation at break of 93%. The pristine resin exhibits a
fracture energy (G1c) of 2170 J/m2 and a titanium–titanium lap shear strength of
31.4 MPa, but the high-temperature properties were limited by the Tg (257◦C).167
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Figure 5.40 AB polyquinoxaline via nucleophilic substitutions.

5.4.2.3 Synthesis by Dehalogenative Organometallic Polycondensation

Various 1,5-dibromoquinoxalines have been polymerized by organometallic
dehalogenation (Fig. 5.41). The reaction takes place in DMF with (1,5-
cyclooctadiene) Ni(0) in the presence of 2,2′-bipyridine at 60◦C for 48 h.168,169

Highly conjugated acenaphthene quinoxalines were prepared by this procedure
and exhibit photoluminescence peaks at 400 and 514 nm.170

5.4.2.4 Syntheses by Vapor Deposition Polymerization

1,1′-Phenylene-bis(2-phenylethanedione) and 3,3′-diaminobenzidine were evapo-
rated in a vacuum chamber on a substrate. Proton NMR and GPC were used to
monitor the ratio of evaporation rates on the stoichiometry. After deposition, the
film was baked at 300◦C and the formation of the polyquinoxaline was followed
by the increase of the absorption at 390 nm.171 An initial molecular weight (Mn)
of about 60,000 Da was obtained and this increased by baking at 300◦C. The film
was used as an electron transport layer on top of the poly-1,4-phenylenevinylene
hole-transporting layer in organic light-emitting diodes (OLEDs).

5.4.2.5 Hyperbranched Polyphenylquinoxalines

The synthesis of polyether quinoxaline by nucleophilic displacement discussed
in Section 5.4.2.2 has also been used for the preparation of hyperbranched
polyquinoxaline based on AB2 or A2B monomers. In the AB2 monomer the focal
point is a single fluoro group (Fig. 5.42)172; in the A2B the focal point is a single
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Figure 5.41 Polyquinoxaline syntheses by catalyzed dehalogenative polycondensation.

phenolic group.173 The polycondensations were carried out in NMP, NMP/CHP
(N -cyclohexylpyrrolidone), or DMPU (N ,N ′-dimethylpropylene urea). It has
been pointed out172 that MALDI-TOF and 1H NMR analyses showed total
fluorine elimination. Il was concluded that an intramolecular ring closure took
place during the polycondensation.

5.4.3 Polybenzimidazoles

The chemistry and properties of polybenzimidazole (PBI) have been recently
reviewed by Chung,174 and the paper discusses the two main syntheses of
PBI (Fig. 5.43): condensation of the 3,3′,4,4′-tetraaminobiphenyl ether with the
diphenyl ester of an aromatic acid (in two steps) or with an aromatic diacid
in the presence of phosphorous catalyst.175 An amazing new synthetic route
to polybenzimidazole has been published by a Japanese team.176 One mole of
3,3′,4,4′-tetraaminobiphenyl reacts with 2 mol of ferrocene dimethanol in the
presence of RuCl2 P(C6H5)3 as a catalyst. The polycondensation gives a high-
molecular-weight polybenzimidazole (Mn = 2.1 × 104 Da). The reaction of only
1 mol of ferrocenediol gives only a low yield of the polymer. An interesting
chemoselective sequence of reactions takes place: one alcoholic function reacts
with the tetraamine giving a benzimidazole end capped with a ferrocenyl alcohol.
The second step is the formation of a polyether (Fig. 5.44). During the 1960s and
1970s, the polybenzimidazoles were mainly developed for composite, adhesive,
and fiber applications, but now, new research areas are opened in the field of
membranes for fuel cells177,178 or supported catalysts.179
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Figure 5.42 Hyperbranched polyphenylquinoxalines.

5.4.4 Polybenzoxazole and Polybenzothiazole

5.4.4.1 Formation without Intermediate Isolation

The synthesis of these polyheterocycles is the condensation of a bis-o-
amino phenol or bis-o-aminothiol with a diacid diphenylester180 (Fig. 5.45).
Rigid rodlike structures were obtained by the condensation of 2,5-diamino-
1,4-benzene dithiol dihydrochloride181 and 4,6-diamino-1,3-benzenediol182

with terephthalic acid in polyphosphoric acid. The reaction of 5,5′-
dicarbonyl-2,2′-bipyridine dichloride with the same monomer gives high-
molecular-weight polymer exhibiting also lyotropic behavior.183 These
polymers displayed electrical conductivity of 10−10 –10−8 S/cm, which was
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increased by introducing Ag+ ion (10−5 –10−4 S/cm) or Ag0 (25–42 S/cm).
Amorphous polybenzoxazoles have been prepared by condensation of aromatic
diacid containing arylether groups with commercial 3,3′-dihydroxy-4,4′-
(hexafluoroisopropylidene)bis-2-aminophenol. The condensation was carried out
in a mixture of phosphorus pentoxide–methanesulfonic acid (PPMA) in sulfolane
or trimethylsilylpolyphosphate (PPSE) in dichlorobenzene (Fig. 5.46). The glass
transition temperatures of these polymers were detected in a temperature range
of 236–270◦C, but only the polymers containing the 6F group were soluble in
organic solvents.184
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Figure 5.45 Polybenzoxazole and polybenzothiazole syntheses.

5.4.4.2 Synthesis with Isolation of an Intermediate

The low condensation of diacyl chloride and bis-ortho-aminophenol gave a
polyhydroxyamide that was submitted to a thermal dehydration.185 – 187 The two
functions of an aminophenol could be acylated, and the question of chemose-
lective acylation has been discussed.188 The problem is not O-acylation versus
N-acylation because the N-acylated product is the more stable isomer, but the
question is how to control N-monoacylation versus diacylation that could reduce
the molecular weight. It has been shown that the condensation in the pres-
ence of inorganic salt (LiCl) in NMP gives selectively the N-monoacylated
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product (Fig. 5.47). The thermal cyclodehydration of the polyhydroxyamide pre-
cursor to polybenzoxazole has been compared with the cyclodehydration of the
polyamic acid precursor to polyimide. The comparison has been done by heating
precursor film; cyclization onset ranges from 255–309◦C for the benzoxazole
precursor compared to 175–234◦C for the imide precursor.189 An interesting
modification of a polyhydroxyamide was performed with ditertiobutylcarbonate
in γ -butyrolactone. The modified polymer became insoluble in aqueous bases.
After formulation with a photoacid generator (PAG), the UV irradiation gener-
ated an acid that cleaved the t-boc protecting group leading to a polymer soluble
in aqueous basic medium. Heat treatment of protected and unprotected precursor
gives the polybenzoxazole (Fig. 5.48).190 Such a chemical approach can be used



318 POLYIMIDES AND OTHER HIGH-TEMPERATURE POLYMERS

HN

HO OH

NH CO Ar CO
T. Bu carbonate

g-butyrolactone/pyridine

HN NH

O O

CO

CO CO

Ar CO

O O

HN NH

OH OH

CO Ar COPAG

UV

+   CO2

isobutene

N

O O

N

Ar

Heat
treatment

+   CO2

isobutene

Figure 5.48 Polybenzoxazole synthesis via protected intermediate.

for the development of positive photosensitive thermostable material in the semi-
conductor industry. Hydroxy-containing polyimides were prepared by reaction of
dianhydride and bis-ohydroxyamine. These polyimides with a pendant hydroxyl
group ortho to the imide nitrogen were found to undergo thermal conversion at
a temperature up to 500◦C. That conversion leads to a polyimide with carbon
dioxide evolution191 (Fig. 5.49).

5.4.4.3 Properties

The hydrolytic stability of the benzobisoxazole and benzobisthiazole has been
investigated. Either in acidic conditions at 100◦C for 21 days or in sodium
hydroxyde solution, the model compounds and a poly(p-phenylene) benzobisox-
azole did not show any decomposition. In very severe conditions such as in
methanesulfonic acid containing water medium, generation of carboxylic acid
was observed.192 As a conclusion, PBO and PBT are probably more stable in
hydrolytic media than polyimides. Concerning the mechanical properties, the
highly oriented fibers exhibit fascinating tensile strength and tensile modulus

N

O

O OH

500 °C
O

N

Figure 5.49 Polybenzoxazole synthesis via hydroxyphenylimide.
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properties. However, improvement is needed in compressive strength. A recent
review discussing the possible improvement of compressive strength by lat-
eral interaction between the chains has been published.193 This paper also deals
with the synthesis of the monomer 1-5-dihydroxy-2,4-diaminobenzene (DADHB)
either from 1,2,3-trichlorobenzene or from resorcinol. The formation of PBO in
a polyphosphoric acid–P2O5 mixture is discussed and a step growth based on the
formation of oligomeric PBO end capped with DADHB is proposed. Different
approaches based on lateral substitution of the PBO backbone are presented in
order to increase the interaction between the rodlike chains (chemical interaction
with crosslinking or physical entanglements have been studied). The conclusions
are a bit pessimistic concerning improvement in the compressive properties of the
fibers. However, film properties were improved by introducing a sol–gel glass
or a thermosetting matrix.
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6 Synthesis of Poly(arylene ether)s

Sheng Wang and J. E. McGrath
Department of Chemistry, Virginia Polytechnic Institute and State University,
Blacksburg, Virginia

6.1 INTRODUCTION

Poly(arylene ether)s are a family of high-performance engineering thermoplastic
materials with high glass transition temperature, high thermal stability, good
mechanical properties, and excellent resistance to hydrolysis and oxidation.1 – 13

Their outstanding properties have resulted in several important commercial
sulfone- or ketone-containing products, such as bisphenol A polysulfone, Udel
(Solvay Advanced Polymers); poly(ether sulfone), Victrex (ICI); poly(arylene
ether ether ketone) (PEEK), Victrex PEEK (ICI); poly(arylene ether ketone)
(PEK), Stilan (Raychem Corporation); and poly(arylene ether ketone ether ketone
ketone) (PEKEKK), Ultrapek (BASF), shown in Scheme 6.1. Several are no
longer commercially available.

A generalized structure of the poly(arylene ether)s can be represented as in
Scheme 6.2.

Poly(arylene ether)s have been widely used as engineering thermoplastics due
to their good mechanical properties and thermal stability, which depend on their
unique structures. In the polysulfone main chain, the bond energy of an aromatic
carbon–oxygen ether linkage (84.0 kcal/mol) is slightly higher than that of the car-
bon–carbon counterpart (83.1 kcal/mol). Aromatic ether linkages (Ar−O−Ar) are
stabilized through resonance, as is illustrated in Scheme 6.3 for diphenyl ether.14

The aryl C−O−C linkage has a lower rotation barrier, lower excluded vol-
ume, and decreased van der Waals interaction forces compared to the C−C
bond. Therefore, the backbone containing C−O−C linkage is highly flexible.
In addition, the low barrier to rotation about the aromatic ether bond provides
a mechanism for energy dispersion which is believed to be the principal reason
for the toughness or impact resistance observed for these materials.15 – 17

Robeson et al. studied the secondary loss transitions of a series of poly(arylene
ether)s using a torsion pendulum.15 They found that the secondary loss transitions
are closely related to the segmental motion of the aryl ether bonds. The secondary

Synthetic Methods in Step-Growth Polymers. Edited by Martin E. Rogers and Timothy E. Long
 2003 John Wiley & Sons, Inc. ISBN: 0-471-38769-X

327



328 SYNTHESIS OF POLY(ARYLENE ETHER)S

CO

CH3

CH3

O S

O

O

n

Udel

O S

O

O

Victrex

O O C

O

Victrex PEEK

O C

O

Stilan

CO

O

O C

O

C

Ultrapek

O

n

n

n

n
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Scheme 6.3 Resonance stabilization in aryl ethers.

loss transitions due to the interactions between the sulfonyl groups and water
molecules are not dependent on the structure of the polymers. Dumais et al.
studied the β-relaxation in poly(arylene ether sulfone)s by deuterium nuclear
magnetic resonance (NMR).17 The results suggested that the primary mode of
motion of the aromatic rings in these polymers is 180◦ phenyl ring flips with
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a broad distribution of characteristic frequencies (ca. 102 –107 s−1). Addition of
antiplasticizers decreases the phenyl ring-flipping rate.

A wide variety of high-performance polymeric materials have been synthesized
by incorporating thermally stable moieties such as sulfone, ketone, or aryl or alkyl
phosphine oxide in addition to the ether linkage in poly(arylene ether)s.

6.2 GENERAL APPROACHES FOR THE SYNTHESIS
OF POLY(ARYLENE ETHER)S

The general approaches for the synthesis of poly(arylene ether)s include elec-
trophilic aromatic substitution, nucleophilic aromatic substitution, and metal-
catalyzed coupling reactions. Poly(arylene ether sulfone)s and poly(arylene ether
ketone)s have quite similar structures and properties, and the synthesis approaches
are quite similar in many respects. However, most of the poly(arylene ether sul-
fone)s are amorphous while some of the poly(arylene ether)s are semicrystalline,
which requires different reaction conditions and approaches to the synthesis of
these two polymer families in many cases. In the following sections, the methods
for the synthesis of these two families will be reviewed.

6.2.1 Electrophilic Aromatic Substitution

6.2.1.1 Mechanism for Friedel–Crafts Sulfonylation and Acylation

The sulfonylation mechanism involves a two-stage reaction, as shown in
Scheme 6.4. The sulfonylium cation ArSO2

+ attacks the carbon on the aromatic
nucleus to generate an intermediate complex, which subsequently decomposes to
afford the final product by eliminating a proton. It is postulated that the effective
sulfonylating agent is the sulfonylium salt generated by action of the Lewis-acid
catalyst on the sulfonyl halide.18

The synthesis of sulfones included electrophilic substitution, specifically, Frie-
del–Crafts catalysis by AlCl3, FeCl3, SbCl5, AlBr3 and BF3, and so on, which
are efficient catalysts for the sulfonylation by arenesulfonyl halides.19 – 22

Similarly, the acylation mechanism also involves a two-stage reaction.23 Poly-
phosphoric acid, AlCl3, HF/BF3, and CF3SO3H. are typical catalysts.

6.2.1.2 Friedel–Crafts Sulfonylation and Polysulfonylation

Earlier synthesis of polysulfones included electrophilic aromatic substitution.
Traditionally, this reaction requires high catalyst concentrations. However, poly-
sulfonylation to achieve high molecular weights can utilize elevated temperatures
and low concentration of the Lewis acids. For example, arenesulfonyl chlorides
react smoothly in the molten state at 120–140◦C with aromatics in the presence
of 1–5 mol % of FeCl3 [or SbCl5, InCl3, Fe(II) or Fe(III) acetylacetonate (acety-
lacetone is 2,4-pentanedione), or BiCl3], giving, in a few hours, the corresponding
sulfones in high yields.24,25
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Poly(arylene ether sulfone)s can be synthesized by two different polysulfonyla-
tion reaction routes: condensation of AA and BB monomers or self-condensation
of AB monomer.26,27 Scheme 6.5 shows two approaches.

In the AA–BB type of sulfonylation, two or more activated aromatic hydrogen
atoms are commonly present in the reacting molecules. Therefore, this polycon-
densation process may result in different repeating units. Structural irregularities
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Scheme 6.5 Friedel–Crafts sulfonylation of AA–BB and AB types of polyconden-
sations.
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can occur due to possible sulfonylation at various ring positions, disulfony-
lations on one aromatic nucleus, as well as side reactions directly promoted
by the Friedel–Crafts catalyst.28 – 30 When high amounts of catalyst are used,
more than the theoretical amount of HCl is evolved, probably because of the
attack of anhydrous metal halides on the aromatic nuclei, a known reaction for
FeCl3 and AlCl326,27. Indeed, polymers containing structures in Scheme 6.6 were
proposed.28,29

O

S

O

O

n

AlCl3

−HCl

O

S

O

O

n

AlCl2

−HCl

O

S

O

O

n

Al

Cl

Scheme 6.6 Side reactions of polysulfonation by high catalyst concentration.29

Generally, higher catalyst concentration leads to side reactions. An efficient
approach to minimize the side reactions is to use the minimum amounts of
Friedel–Crafts catalyst (e.g., FeCl3, 0.1–4 wt %). The reaction can be performed
either in bulk or in solution using, for example, nitrobenzene, dimethyl sulfone,
or chlorinated biphenyls as the reaction media.

Bulk polysulfonylation was initially performed in the molten state, and the
resulting solid low-molecular-weight polymer can be ground, followed by pow-
der sintering at high temperature to produce high molecular weight. The final
reaction temperatures were from 150 to 320◦C under nitrogen, and vacuum even-
tually was applied to remove HCl.25,31 Since sulfonyl chlorides decompose above
250◦C via a radical mechanism, the best reaction temperature range was from
230 to 250◦C.32 However, the polymers prepared by this approach were insoluble
because of crosslinking side reactions.

In contrast to bulk polymerization, solution polymerization provided solu-
ble polymers with high molecular weights using low FeCl3 concentration at
120–140◦C.31 A major disadvantage of the above approaches is that all the
metal–halide catalysts need to be removed, since the catalyst residue will dete-
riorate the thermal stability and electrical and other properties.

Electron-donating groups strongly activate sulfonylation at ortho or para posi-
tions, with para sulfonylation more favored due to less steric hindrance. Variables,
such as highly reactive monomers, elevated reaction temperatures, and high
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amounts of catalyst, promote high conversion but may also result in structural
irregularity and even crosslinking.

In the self-polycondensation of monosulfonyl chlorides, A–B systems can
demonstrate advantages over A–A, B–B systems. The former stoichiometry is
not affected by preferential vaporization. Therefore, self-polycondensation yields
polymers with high molecular weight and regular structures. Since the sulfonyl
group is a strong deactivating group for further sulfonylation, usually high reaction
temperature is needed.

Sulfonic acid catalysts can also be used to prepare poly(arylene ether sulfone)s,
such as (CF3CO)2O, polyphosphoric acid (PPA),26 MeSO3H–P2O5 mixture,33 and
CF3SO3H.34

6.2.1.3 Friedel–Crafts Acrylation Polymerization

Similar to the synthesis of polysulfones, poly(arylene ether ketone)s can also be
prepared by using either AA and BB monomers or an AB monomer.

The first poly(arylene ether ketone)s were prepared by Bonner at DuPont in
1962.35 The wholly aromatic poly(ether ketone ketone)s (PEKK) were prepared
by Friedel–Crafts acylation. Isophthaloyl chloride or terephthaloyl chloride was
condensed with diphenyl ether using nitrobenzene as solvent and AlCl3 as a cat-
alyst, as shown in Scheme 6.7. However, only low-molecular-weight polymers
were obtained due to the insolubility of the resulting polymers. Later, Good-
man et al. at ICI reported the successful synthesis of poly(ether ketone) by the
self-condensation of p-phenoxybenzoyl chloride using methylene chloride as the
reaction medium under similar reaction conditions.36 This polymer had a rela-
tively high molecular weight, as indicated by reduced viscosity values.

O C Cl

O

CCl

O

+

Nitrobenzene
AlCl3

O C

O

C

O

n

Scheme 6.7 Synthesis of poly(ether ketone ketone) via aromatic electrophilic substitu-
tion catalyzed by AlCl3.

The AlCl3-catalyzed polycondensation of diphenyl ether with a mixture of
terephthaloyl chloride and isophthaloyl chloride is a relatively inexpensive route to
poly(ether ketone)s. The polymerizations were carried out in chlorinated solvents
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such as 1,2-dichloroethane, dichloromethane, or o-chlorobenzene in the presence
of an excess of aluminum chloride.37 Some problems limited the application
of AlCl3. The insolubility of the polymers in these solvents limits affording
high molecular weight. Introducing some groups such as tert-butyl significantly
increased the solubility and thus increased the molecular weight.38 Posttreatment
is generally required to improve the melt stability. It also increases structural
complexity. For example, in some cases, ortho acylation and alkylation of aro-
matic polymer chains were also observed.39 In addition, some inexpensive diacid
chlorides, such as terephthaloyl chloride and isophthaloyl chloride, are less reac-
tive than 4,4′-oxybisbenzoyl chloride and thus are more difficult to be activated
by AlCl3. The resulting carbocationic intermediates are more reactive and less
selective to aromatic sites, which lead to increased ortho acylation during poly-
merization.

Jansons et al. reported that cleaner and higher molecular weight polymers were
prepared at or below room temperature in the presence of a large excess of AlCl3
complexed with a Lewis base, such as N, N -dimethylformamide (DMF), LiCl,
dimethyl sulfone, pyridine or N -methylpyridinium chloride.40,41 The Lewis base
can increase the solubility of AlCl3 in a nonbasic solvent, such as CH2Cl2 or
1,2-dichloroethane, by complexation. Furthermore, the polar complex solutions
increase the solubility of polymer complexes that lead to high-molecular-weight
polymers. Most of the work in this area was submitted for patents. One example in
literature publications was reported by Fukawa and Tanabe.42 p-Phenoxybenzoyl
chloride was polymerized in the presence of excess AlCl3 and phenyl ether cap-
ping agent in a solution of DMF in methylene chloride to give PEK with high
inherent viscosity values. Another example is polymerization of isophthaloyl
chloride and diphenyl ether.43 The polymerization was controlled by catalyst
quantity, reaction temperature, monomer ratio, and polymer concentration.

An alternative approach to the preparation of PEKK is by condensation of isoph-
thaloyl chloride and/or terephthaloyl chloride with isolated intermediates such
as 4,4′-diphenoxyterephthaloylphenone and 4,4′-diphenoxyisophthaloylphenone.
This method affords cleaner polymers, especially in the presence of AlCl3 com-
plexed with a basic coagent. A copolymer was prepared by Gay and Brunette at
DuPont from the isolated intermediates by reacting 1,3-bis(p-phenoxybenzoyl)-
benzene with terephthaloyl chloride, and 1,4-bis(p-phenoxybenzoyl)benzene with
isophthaloyl chloride (Scheme 6.8).44 This perfectly alternating copolymer of meta
and ortho phenylene group had a high Tg (166◦C) and low Tm (332◦C), which was
considered desirable for good processibility and high heat deformation resistance.

Polyphosphoric acid can be used as a solvent to produce high-molecular-
weight poly(ether ketone ketone)s, because polyphosphoric acid dissolves the
polymers, probably by protonation of the carbonyl groups. Iwakura et al. reported
the synthesis of PEK with inherent viscosity of 0.5 dL/g by self-condensation
of p-phenoxybenzoic acid using polyphosphoric acid as both the solvent and
catalyst.45 Devaux et al. demonstrated that diphenyl ether could be used to con-
dense with diacids or diacid chlorides in the presence of AlCl3 or SnCl4 to
produce high-molecular-weight poly(ether ketone)s.46
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Marks developed a more effective solvent–catalyst (HF–BF3) system to syn-
thesize high-molecular-weight PEK.47 Under well-controlled reaction conditions,
high-molecular-weight PEK with an inherent viscosity of 1.33 dL/g was prepared
in the HF–BF3 solvent system. Large excesses of solvent and catalyst have to be
used to obtain high-molecular-weight polymers. Rose introduced another strong
acid, trifluoromethanesulfonic acid, to catalyze the condensation of carboxylic
acid with activated phenyl ether, and high-molecular-weight polymers were syn-
thesized using this solvent system (Scheme 6.9).48 Replacement of CF3SO3H
with the less expensive CH3SO3H failed to yield high-molecular-weight semi-
crystalline poly(arylene ether ketone) (PAEKs). Neither of these two strong-acid
systems are very attractive for industrial applications due to the harsh reaction
conditions and high cost.

6.2.2 Nucleophilic Aromatic Substitution Reaction Polymerization

6.2.2.1 Mechanism for Nucleophilic Aromatic Substitution

The most practical method for the preparation of poly(arylene ether)s employs
nucleophilic aromatic substitution (SNAr). Although nucleophilic substitution can
occur via four principal mechanisms,49 the most important mechanism utilized for
the synthesis of poly(arylene ether)s has been SNAr, in which activating groups
are present on the aromatic ring (Scheme 6.10).

In the first step, the nucleophile attacks the carbon atom of the activated C−X
bond, resulting in a resonance-stabilized intermediate, often termed a Meisen-
heimer complex.50 The second step involves the departure of the leaving group.
The first step is generally the rate-determining step. The proposed mechanism
can be supported by the isolation of Meisenheimer salts. Investigating the effects
of the leaving group on the reaction rate provided further evidence for this
mechanism. In spite of the strength of the carbon–fluorine bond, the order of
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Scheme 6.9 Synthesis of poly(arylene ether ether ketone) (PEEK) and poly(ether ether
ketone ether ketone (PEEKEK) in triflic acid.
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Scheme 6.10 Nucleophilic aromatic substitution mechanism.

reactivity for the halogens was found to be F >> Cl > Br > I, suggesting the
rate-determining step does not involve the departure of the leaving group. There-
fore, the observed order of reactivity can be explained by the better stabilization
of the Meisenheimer intermediate by the highly electronegative fluorine through
inductive electron-withdrawing effects. Furthermore, the carbon directly attached
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to the fluorine will be more electrophilic and, consequently, more susceptible to
nucleophilic attack.

Many factors, such as the strength of the activating group, the nucleophilicity
of the attacking nucleophile, the electronegativity of the leaving group, the reac-
tion conditions, and the nature of the solvent, determine the kinetics of the SNAr
reaction. Some major activating groups, such as

N

O

O

S

O

O

C

O

P

O

R

C N

in the ortho and para positions of the leaving groups accelerate the nucleophilic
substitution since they strongly stabilize Meisenheimer intermediate. On the con-
trary, electron-donating groups such as amine or methoxy decrease the stability
of Meisenheimer intermediate, thus hindering the substitution.

The reaction rate increases with increasing strength of the nucleophile. The
overall approximate order of nucleophilicity is ArS− > RO− > ArO− > OH− >

ArNH2 > NH3 > I− > Br− > Cl− > H2O > ROH51.
Since the decomposition of the Meisenheimer intermediate is not the rate-

determining step, the trends for the leaving groups are quite different from
common nucleophilic substitution. The leaving group trends for SNAr substitu-
tions were reported to have the following order: F− > NO2

− >− SOPh > Cl− >

Br− ∼ I− >− OAr >− OR >− SR52,53.

6.2.2.2 Poly(arylene ether) Synthesis Via SNAr Reaction

Compared with the aromatic electrophilic substitution approach, the SNAr
approach general requires higher reaction temperatures. The polymers generally
have well-defined structures. Therefore, it is more facile to control the structures
of the products. In addition, it is more tolerable to some reactive functional
groups, which makes it possible to synthesize reactive-group end-capped
prepolymers and functional copolymers using functional monomers.

6.2.2.3 Poly(arylene ether sulfone) Synthesis

The SNAr reactions were first successfully used in the synthesis of high-
molecular-weight poly(arylene ether)s by Johnson et al.4,5 This reaction
represents a good example for poly(ether sulfone)s in general, either in laboratory-
or industrial-scale preparations. In this procedure, the bisphenol A and sodium
hydroxide with an exact mole ratio of 1 : 2 were dissolved into dimethyl
sulfoxide (DMSO)–chlorobenzene. The bisphenol A was converted into disodium
bisphenolate A, and water was removed by azeotropic distillation. After the
formation of the anhydrous disodium bisphenolate A, an equal molar amount
of 4,4′-dichlorodiphenyl sulfone (DCDPS) was added in chlorobenzene under
anhydrous conditions and the temperature was increased to 160◦C for over 1 h
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to afford high molecular weights. Chlorobenzene is added to the viscous polymer
solution during cooling, since it is a solvent at room temperature and facilitates
precipitation of the salts (Scheme 6.11).

nCl S

O

O

Cl + nNaO C

CH3

CH3

ONa

anhydrous DMSO
160 °C/1 hour

O C

CH3

CH3

OS

O

O
n

+ (2n-1)NaCl

Scheme 6.11 Typical nucleophilic synthesis of bisphenol A polysulfone.4,5

As mentioned before, 4,4′-difluorodiphenyl sulfone (DFDPS) is much more
reactive, but its application is limited because of economics. It can be pre-
pared by the melt reaction of KF with DCDPS. The mechanism and kinetics
of polyetherification have been investigated in detail for the polymerization of
AA–BB monomers5,54,55 and AB monomers.56,57 The reactivity of the activated
halides can be estimated by measuring 1H, 13C, and 19F NMR chemical shifts.
The nucleophilic substitution reaction only proceeds in the halides with ortho
or para positions substituted by a strong electron-withdrawing group. Therefore,
1H NMR chemical shift data from the protons ortho or para to the electron-
withdrawing group can be used to determine the reactivity of the monomer
indirectly.58 Carbon-13 and 19F NMR can be used to probe the chemical shift at
the actual site of nucleophilic reaction. In general, lower chemical shifts corre-
late with lower monomer reactivity. Carter reported that a compound might be
appropriate for nucleophilic displacement if the 13C chemical shift of an activated
fluoride ranges from 164.5 to 166.2 ppm in CDCl3

59.
Preparing bisphenolates by using a strong base is often feasible, and the

phenolate readily reacts with activated dihalides (DCDPS or DFDPS) at high
temperature to yield high-molecular-weight in a short period of time.

However, many salts such as the hydroquinone or biphenol salt are so insoluble
that they do not work well by this procedure. Furthermore, a stoichiometric
amount of base used for the reaction is critical to obtain high-molecular-weight
polymers. Moreover, the strong base may undesirably hydrolyze the dihalides to
afford deactivated diphenolates, which upset the stoichiometry. Clendining et al.
reported that potassium carbonate or bicarbonate could be used in these reactions
instead of corresponding hydroxides.60 McGrath and co-workers were the first to
systematically study the use of the weak base K2CO3 instead of a strong base
to obtain phenolate salts.8,61,62 Potassium carbonate was found to be better than
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Na2CO3 due to its relative stronger basicity and higher solubility in the reaction
medium. The proposed mechanism for this method is shown in Scheme 6.12. This
approach makes it fairly easy to control the molecular weights and the endgroups.
An additional advantage is that the precise amount of weak base is not extremely
critical for achieving high molecular weight, as long as it is in excess. The reaction
rates of these polymerizations are generally slower than the strong-base method.

Aprotic polar solvents have to be used for several reasons. They are often good
solvents for both monomers (including phenolates) and amorphous polymers.
In addition, they can also stabilize the Meisenheimer intermediates. Common
aprotic polar solvents, such as DMSO, N ,N -dimethyl acetamide (DMAc), DMF,
N -methyl pyrrolidone (NMP), and cyclohexylpyrrolidone (CHP) can be used.
Under some circumstances, very high reaction temperature and boiling point
solvents such as sulfolane and diphenyl sulfone (DPS) have to be used due to
the poor reactivity of the monomers or poor solubility of the resulting, possibly
semicrystalline polymers, as in the PEEK systems.

The choice of solvent is not trivial and, generally, the reaction medium must
be a good solvent for both monomers and polymer product. In addition, to obtain
high molecular weight, water needs to be removed from the system to avoid
hydrolyzing the activated substrate, since hydrolysis reduces the reaction rate
and upsets the stoichiometry of the monomers.61 – 63

The reaction generates easily oxidizable alkali phenates. Thus, the polymer-
ization must be conducted in an inert atmosphere. The sodium and potassium
salts of the bisphenols are widely used because they are more soluble in polar
aprotic solvents.

Other salts, especially fluoride salts, (e.g., KF) can be used to perform nucle-
ophilic substitution. As is well known, halides, and particularly the fluoride
anions, are rather powerful Lewis bases and can exert a catalytic effect on aro-
matic nucleophilic substitutions in dipolar aprotic solvents. Phenols can be alky-
lated in the presence of KF (or CsF) absorbed on Celite64,65 or Et4NF.66 Taking
advantage of this reaction, halophenols and dihalides with bisphenols have been
successfully polymerized in sulfolane at 220–280◦C by using KF as the base.

While most of the polymers have been synthesized by solution polymerization
through nucleophilic substitution, Kricheldorf and Bier showed that melt or sol-
vent free polymerization can be achieved by reacting bis(trimethylsilyl ether)s of
various bisphenols with bis(4-fluorophenyl) sulfone (Scheme 6.13).67 This idea
came from well-known reactions on trimethylsilyl ethers, esters, etc., that were
performed with fluoride-catalyzed desilylation in the presence of KF, CsF, or
(C4H9)4NF.68,69 Silylation followed by distillation is an efficient method for
purifying bisphenols, aminophenols, and diamines. The product can be directly
processed without further purification since the highly volatile fluorotrimethylsi-
lane is the only by-product and the catalytic amount of CsF does not deteriorate
the mechanical properties of the final products. In addition, the removal of
the volatile fluorotrimethylsilane by-product further drives the reaction to yield
high molecular weight. No halogen-substituted diphenols can be used, since an
exchange reaction may occur.70
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Scheme 6.13 Synthesis of poly(arylene ether sulfone)s via silyl ether displacement.

A proposed mechanism for silyl ether displacement is shown in Scheme 6.14.
In the first step, the fluoride anion converts the trimethyl siloxy group into a phe-
nolate salt. In the following step, the phenolate anion attacks the activated fluoro
monomer to generate an ether bond. The amount of catalyst required is about
0.1–0.3 mol %. Catalyst type and concentration are crucial for this reaction.

Ar O Si

CH3

CH3

CH3    +    CsF
+ −

Ar OCs    +    F
− +

Si

CH3

CH3

CH3

Ar OCs    +    F−Ar′
+−

Ar O Ar′    +    CsF

Scheme 6.14 Reaction mechanism of silyl ether displacement.

Unfortunately, the method is only suitable for fluorinated systems such as
DFDPS. Using chloro monomers generally affords low molecular weight, because
a weak base like KF or CsF is needed and DCDPS is not reactive enough
under these reaction conditions. However, the activated dichloro compounds can
be successfully polymerized in NMP in the presence of equimolar amounts of
K2CO3

71.

6.2.2.4 Poly(arylene ether ketone) Synthesis

6.2.2.4.1 Common One-Step Process

The nucleophilic aromatic substitution reaction for the synthesis of poly(arylene
ether ketone)s is similar to that of polysulfone, involving aromatic dihalides and
aromatic diphenolates. Since carbonyl is a weaker electron-withdrawing group
than sulfonyl, in most cases, difluorides need to be used to afford high-molecular-
weight polymers. Typically potassium carbonate is used as a base to avoid the
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side reaction of alkali metal hydroxides72 and dipolar aprotic solvents such as
DMSO, DMAc, and NMP are utilized.

Johnson et al. reported the first attempt to synthesize PEEK by polyconden-
sation of bisphenolate with activated dihalides using DMSO as a solvent and
NaOH as a base.5 High-molecular-weight polymers were difficult to obtain due
to the crystallization and solubility of the polymers in DMSO. Attwood et al.73

and Rose and Staniland74 used diphenyl sulfone as the reaction medium, and the
polymerization was carried out near the melting point of the polymer to maintain
solubility. Carefully optimal reaction conditions are required to afford high-
molecular-weight polymers, because side reactions became significant at high
temperatures. Only expensive difluoro monomers can be use for this approach.
Less reactive dichloro monomers fail to produce high-molecular-weight poly-
mers, partially because of the side reactions such as single electron transfer
reaction.75,76

Attempts to replace expensive fluoro monomers such as 4,4′-dichlorobenzophe-
none (DFBP) with activated chloro monomers have been reported. Fukawa et al.
reported preparing high-molecular-weight PEK with 1.15 dL/g inherent viscosity
using 4,4′-dichlorobenzophenone (DCBP).77 The polymerization was carried out
in diphenyl sulfone at high temperatures (2 h at 280◦C, 1 h at 300◦C, and then
1 h at 320◦C) using DCBP to react with sodium carbonate in the presence of
SiO2 –CuCl2 catalyst. Silicon dioxide was removed by washing the product with
4% aqueous NaOH solution at 60◦C.

Dichloro monomers can also be polymerized with bisphenols in the presence
of fluorides as promoting agents.78 The fluoride ions promote the displacement of
the chloride sites to form more reactive fluoride sites, which react with phenolate
anion to form high-molecular-weight polymers. Adding 5–10 mol % phase trans-
fer catalysts such as N -alkyl-4-(dialkylamino)pyridium chlorides significantly
increased the nucleophilicity and solubility of phenoxide anion and thus short-
ened the reaction time to one fifth of the uncatalyzed reaction to achieve the
same molecular weight.79

Kricheldorf et al. used trimethylsilylated phenols to react with activated diflu-
oro monomers, such as DFBP, in the presence of catalytical amounts of CsF to
prepare poly(ether ketone)s.80,81 The polymers were prepared in the melt without
solvent and can be directly processed.

Carbonyl groups on the side chains also activate the dihalides. These particu-
lar dihalides were employed to prepare poly(arylene ether)s containing pendent
benzoyl groups.82 The polymers may be used as a positive photoresist for UV
irradiation.

6.2.2.4.2 Soluble Precursor Approaches

Several soluble precursor approaches were reported to produce high-molecular-
weight soluble precursors, which could be later reacted to remove the solubilizing
groups. The introduction of bulky substitutions can reduce crystallinities or even
suppress crystallization of a polymer, thereby improving its solubility substan-
tially. Thus, the incorporation of removable substituents provides a strategy for
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preparing high-molecular-weight polymers that otherwise are not easily accessi-
ble. The pendent soluble moieties can be incorporated onto either the diphenols
or the activated dihalides.

Mohanty et al. were the first to introduce pendent t-butyl groups in the polymer
backbones. The resulting material was quite soluble in aprotic dipolar solvents.83

The PEEK precursors were prepared under a mild reaction condition at 170◦C.
The polymer precursor can be converted to PEEK in the presence of Lewis
acid catalyst AlCl3 via a retro Friedel–Crafts alkylation. Approximately 50% of
the tert-butyl substitutes were removed due to the insolubility of the product in
the solvent used. Later, Risse et al. showed that complete cleavage of tert-butyl
substitutes could be achieved using a strong Lewis acid CF3SO3H as both the
catalyst and the reaction medium (Scheme 6.15).84

HO OH C

O

F

K2CO3, DMSO/toluene
170 °C, 3 h

O O C

O

n

CF3SO3H
Room temp., 24 h

O O C

O

n

F+

Scheme 6.15 Synthesis of high-molecular-weight PEEK via t-butyl containing a soluble
PEK precursor.

Kelsey et al. reported that the cyclic ketal of 4,4′-dihydroxybenzophenone
(DHBP) can polymerize with 4,4′-difluorobenzophenone in DMAc at 150◦C
(Scheme 6.16).85 The polymerization afforded soluble amorphous polyketal that
was quantitatively converted to PEK. Because of relatively lower reaction tem-
perature, the PEK had minimal defect structures and thus possesses higher crys-
tallinity and higher Tg, and has better physical properties than its counterpart
made under higher temperatures.
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Scheme 6.16 Synthesis of high-molecular-weight PEEK via a ketal containing
PEK precursor.

DFBP can be converted into difluorophenylketimine, which was used to pre-
pare ketimine-modified PEEK at 180◦C in NMP (Scheme 6.17).86 – 89 The soluble
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N

K2CO3, NMP
160 °C

C

N

OO
n

HCl
Room temp., 24 h

C
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n

Scheme 6.17 Synthesis of poly(ether ketone) via poly(ether phenyl ketimine).
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prepolymer can be hydrolyzed with dilute acid to yield very fine powders of
PEEK. The biphenol-based ketimine-modified poly(ether ether ketone)s also have
been prepared via the same approach.90,91

Compared with the tert-butyl substitutes PEEK, carbonyl-functionalized poly-
ketones can be converted to the target polyketones at relatively mild conditions.

Pandya et al. developed a new approach to the synthesis of polyketone
based on the nucleophilic substitution of bis(a-aminonitrile) derivatives with
activated aromatic dihalides.92 Bis(a-aminonitrile)s were prepared from aromatic
dihalides in high yield by Strecker synthesis.90 The conjugated bases of the α-
aminonitriles are selective nucleophiles and thus can react with activated aromatic
dihalides to form a carbon–carbon bond. Polymerization of isophthalaminonitrile
with DFDPS in anhydrous DMF at room temperature using NaH as the base
yields a soluble high-molecular-weight polyaminonitrile. Acid hydrolysis of this
polyaminonitrile afforded the corresponding poly(ketone ketone sulfone). This
method was applied to the synthesis of a series of highly ketone containing
polyketones with or without ether linkages (Scheme 6.18).90 These polymers
were crystalline and have very high Tg and Tm (>400◦C).
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Scheme 6.18 Synthesis of poly(ketone ketone sulfone) via a polyaminonitrile precursor.

6.2.2.4.3 Ring-Opening Routes

Colquhoun at ICI first reported the synthesis of macrocyclic monomers
containing ether and ketone linkages through nickel-catalyzed coupling of
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aryl dihalides under pseudo high dilution conditions.93 Later, Chen et al.
prepared poly(ether ether ketone) single-size macrocycles and macrocyclic
oligomer mixtures via both nucleophilic aromatic substitution and Friedel–Crafts
acylation approaches.94 – 96 The ring-opening polymerization is initiated by a
catalytic amount of nucleophiles, such as CsF or potassium salts of phenoxides.
Low viscosities of the oligomers ensure good processibility. However, control
of ring-opening polymerization is difficult and, complete conversion of the
macromonomers is very difficult to achieve. Under some circumstances, melting
points of the cyclics or cyclic mixtures are too high for practical ring-opening
polymerization. One way to circumvent this problem may be achieved by
preparing low-melting-point or even amorphous oligomers. Qi et al. recently
reported new cyclic oligomers prepared from hydroquinone and N -phenyl(4,4′-
difluorodiphenyl) ketimine.97

6.2.2.5 Poly(arylene ether phosphine oxide)s

Poly(arylene ether phosphine oxide)s are of special interest due to their
fire resistance, optical properties,11 and miscibility with other polymers.98

Poly(arylene ether phosphine oxide) (PEPO) was first reported by Hashimoto
et al.99 However, only low-molecular-weight PEPOs were obtained by reacting
bis(4-chlorophenyl)phenyl phosphine oxide (BCPPO) with bisphenols in various
aprotic dipolar solvents utilizing sodium hydroxide as the base, because the
electron-withdrawing ability of the phosphonyl group is not as strong as
sulfonyl. Later, Smith et al. prepared high-molecular-weight PEPOs using bis(4-
fluorophenyl)phenyl phosphine oxide (BFPPO) instead of BCPPO.100 Riley et al.
extended this work, and many structural units, such as carbonyl and sulfonyl,
were successfully incorporated into the polymer main chain.11 These noncoplanar
polymers are amorphous with high Tgs. They are also thermally stable with very
high decomposition temperatures. Cone calorimetry measurements showed their
much lower heat release rate compared to polysulfones with similar structures,
indicating their potential application as fire-retardant materials. They are optically
clear and colorless with much higher refractive index than polycarbonate (n =
1.58). In addition, they also exhibited highly radiation-resistant character.101 Very
recently, McGrath and co-workers successfully synthesized a bisphenol-A-based
PEPO by melt polymerization102 via a silyl ether displacement. This approach
does not require the removal of catalyst and avoids using solvent as the reaction
medium. Therefore, the resulting polymer can be directly melt processed.

Phosphine-oxide-containing polymers can be chemically modified by reducing
the phosphonyl group to phosphine using phenylsilane as the reducing agent.103

The phosphine group can react with halo compounds and phosphonium salt can
be generated.104 This kind of polyelectrolyte was employed to prepare nonlinear
optical (NLO) materials.11,105

New poly(ether ketone)s derived from bis[4-(4-fluorobenzoyl)phenyl]phenyl-
phosphine oxide was reported by Fitch et al.106 These polymers are thermally
stable and have high Tg values (about 200◦C).
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6.2.2.6 Poly(arylene ether)s Synthesized via other Activated Dihalides

Although sulfonyl, carbonyl, and phosphonyl groups are the most common activat-
ing groups, other groups and compounds containing some electron-withdrawing
groups, such as heterocyclic rings,107 amide,108 2,6-dihalobenzonitrile,109 4,4′-
difluoroazobenzene,110 4,4′-difluoroazoxybenzene,111 and fluoro-substituted di-
arylacetylenes,112 have been employed for the nucleophilic aromatic substitution.
Polymers containing stilbene moieties,113 chalcone group,114 and dicyanoethylene
group115 were synthesized, and all of these materials can be crosslinked by heating.

The imide groups can also activate the aromatic halo and nitro groups on the
bishaloimides,116 or bisnitroimides.117 Indeed, this approach has been commer-
cialized to produce a bisphenol-A-based poly(ether imide) with the tradename
Ultem (General Electric). A common feature of these groups is the stabilization
of the negative charges developed at the 2- or 4-position of the aryl moiety in
the transition state of the nucleophilic halogen displacement reaction through
a Meisenheimer complex.118 Labadie and Hedrick reported the perfluoroalkyl
groups, either pendent or on the main chain, activate fluoro or nitro displacement
by phenoxides.119 Since electron-withdrawing perfluoroalkyl groups cannot par-
ticipate in resonance stabilization, the activation by this group is expected due
to the stabilization of the negative charges at the 2- or 4-position by hypercon-
jugation and by the negative inductive (−I ) effect. The steric congestion due
to a bulky trifluoromethyl group may also facilitate the formation of a stable
Meisenheimer complex with the release of steric strain.120

The para-fluorine atoms on highly fluorinated aromatic compounds such as
hexafluorobenzene or decafluorobiphenyl are activated and thus can go through
aromatic nucleophilic substitution with bisphenols in an aprotic solvent at low
temperatures (<80◦C).121 – 123

6.2.3 Other Approaches for the Synthesis of Poly(arylene ethers)s
In addition to nucleophilic and electrophilic substitution reactions, other reactions
have also been used to prepare poly(arylene ether)s, especially those with special
structures which otherwise could not be prepared. The following paragraph briefly
reviews these reactions.

6.2.3.1 The Ullman Reaction

The Ullman reaction has long been known as a method for the synthesis of aro-
matic ethers by the reaction of a phenol with an aromatic halide in the presence
of a copper compound as a catalyst. It is a variation on the nucleophilic substitu-
tion reaction since a phenolic salt reacts with the halide. Nonactivated aromatic
halides can be used in the synthesis of poly(arylene ether)s, thus providing a way
of obtaining structures not available by the conventional nucleophilic route. The
ease of halogen displacement was found to be the reverse of that observed for
activated nucleophilic substitution reaction, that is, I > Br > Cl � F. The poly-
merizations are conducted in benzophenone with a cuprous chloride–pyridine
complex as a catalyst. Bromine compounds are the favored reactants.5a,124 – 127

Poly(arylene ether)s have been prepared by Ullman coupling of bisphenols and
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dibromoarylenes in the presence of a copper catalyst.125 Poor reproducibility, the
need for brominated monomers, and the difficulty of removing copper salts are
the major disadvantages of this reaction.

6.2.3.2 Metal Coupling Reactions

A relatively new approach for preparing poly(arylene ether sulfone)s involves the
formation of an aromatic carbon–carbon bond by coupling halogenated aromatic
compounds with Ni0128. Thus, polymers with biphenyl units can be made without
starting with a biphenyl compound. Both unactivated and activated dihalides
could be used. Unlike the Ullman reaction, the nickel coupling reaction works
well with chloro compounds and the reaction conditions are much milder. The
reaction is carried out in an aprotic solvent at 60–80◦C129 – 132. A zero-valent
nickel–triphenylphosphine complex was used as the catalyst prepared from nickel
chloride and zinc metal. This reaction was also used to polymerize a Schiff
base of 4,4′-dichlorobenzophenone to yield a soluble polyketimine in NMP. The
polyketimine was readily hydrolyzed to afford crystalline ketone.133 Poly(4,4′-
diphenylphenylphosphine oxide) (PAPO) was synthesized by nickel-catalyzed
coupling polymerization. Ghassemi and McGrath reported preparing PAPO using
bis(4-chlorophenyl)phenyl phosphine oxide catalyzed by a mixture of NiCl2, 2,2′-
bipyridine, zinc powder, and triphenyl phosphine in a nitrogen atmosphere.103

The polymer developed a deep red color once the phosphine oxide groups in
the polymer were reduced to phosphine using phenylsilane, possibly indicating
conjugated behavior.

Other coupling reactions were also employed to prepare poly(arylene ether)s.
Polymerization of bis(aryloxy) monomers was demonstrated to occur in the
presence of an Fe(III) chloride catalyst via a cation radical mechanism (Scholl
reaction).134 This reaction also involves carbon–carbon bond formation and has
been used to prepare soluble poly(ether sulfone)s, poly(ether ketone)s, and aro-
matic polyethers.

The Suzuki reaction was also used to prepare the polyketone since this partic-
ular reaction tolerates the subsequent step (Scheme 6.19).135 Palladium-catalyzed
cross-coupling of aromatic diacid chlorides and bis(trimethylstannane) monomers
was utilized to prepare poly(arylene ether ketone)s.136

6.3 CONTROL OF MOLECULAR WEIGHT AND/OR ENDGROUPS

Control of molecular weight is very important, because the molecular weight
needs to be high enough to afford polymers with good mechanical properties and
yet low enough to have good processibility. Generally, by upsetting the mole
ratio of the two monomers, one can easily control the molecular weight. In some
cases, the reactive endgroups may significantly deteriorate the polymer stability.
One way to minimize the problem is to use a monofunctional monomer as a
comonomer to end cap the polymer chain. Thus, it is known that melt stable
end-capped bisphenol A based polysulfones can be prepared by bubbling methyl
chloride into phenolate-reactive systems.
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Scheme 6.19 Synthesis of polyketone via Suzuki reaction.

End capping the polymer chain with functional groups is also a very useful
approach to prepare reactive oligomers for generating some block copolymers
or modifying polymer networks. Polysulfones, poly(arylene ether ketone)s,
and phosphorus-containing poly(arylene ether)s were prepared with different
terminal functional groups, such as carboxyl,137 – 140 amine,141 – 145 hydroxyl,146,147

phenylethynyl,148 and cyanate149 chain ends. Amino-terminated poly(arylene
ether sulfone)s or poly(arylene ether ketone)s were synthesized and used to
modify epoxies.150 – 153

Mandal and Hay reported poly(sulfone)s end capped with metal containing
phthalocyanines (PcM).154 The polymers were soluble in common organic solvents.
The Tg was increased probably due to the stacking of metallophthalocyanine (PcM)
moieties. In addition, annealing the polymers afforded a melting endotherm due to
crystallization. Again, this may be due to the stacking of PcM rings.

Noell et al. reported the preparation of silica–poly(ether ether ketone)
hybrid materials with improved physical properties.155 An amine-end-capped
poly(ether ether ketone) was used to react with isocyanatopropyltriethoxysilane
in tetrahydrofuran (THF). The triethylsilane-end-capped poly(ether ether ketone)
was mixed with tetraethoxysilane (TEOS) in THF. Quantitative amounts of water
were introduced into the system, and the mixture was refluxed at 80◦C. The entire
reaction mixture was allowed to further react in Teflon molds. Tough transparent
materials were obtained by this approach.

6.4 CONTROL OF TOPOLOGIES

6.4.1 Hyperbranched Polymers

Hyperbranched polymers generally have very low melt and intrinsic viscosi-
ties. The large number of chain-end functional groups present in hyperbranched
macromolecules have also been shown to dramatically affect physical properties
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such as the glass transition temperature, solubility, and chemical reactivity. The
degree of branching (DB) would be 0 and 1 for a perfect linear molecule and
for a perfect dendritic molecule, respectively.156 In all the cases, DB is between
0 and 100%.

Miller et al. were the first to report the synthesis of hyperbranched poly(arylene
ether ketone)s.157 They used 3,5-bis(4-fluorobenzoyl)phenol as the starting mate-
rial, as shown in Scheme 6.20.

HO

O

F

O

F

Scheme 6.20 Structure of 3,5-bis(4-fluorobenzoyl)phenol.

Later, Hawker and Chu prepared two different monomers, 3,5,-difluoro-4′-hy-
droxybenzophenone and 3,5-dihydroxy-4′-fluorobenzophenone (Scheme 6.21).158

HO C

F

F

O

(a)

F C

OH

OH

O

(b)

Scheme 6.21 Structures of (a) 3,5-difluoro-4′-hydroxybenzophenone and (b) 3,5-dihy-
droxy-4′-fluorobenzophenone.

Polymerization of these two monomers afforded the same internal linkages but
with different terminal groups. High-molecular-weight polymers were obtained
when the polymerization was at 200◦C in an NMP–toluene solvent mixture using
sodium carbonate as a base. Higher molecular weight polymer (Mn = 95 kg/mol)
was obtained from B than from A (Mn = 20 kg/mol) due to the different reactivi-
ties of these two monomers. The degree of branching was also different for these
two hyperbranched poly(ether ether ketone) analogues. They ranged from 14% for
the phenolic-terminated polymer to 49% for the fluoro-terminated polymer. Kwak
and Lee synthesized poly(ether ketone) with controlled degree of branching using
monomer A by introducing some trifluoromonomer as the core.159 The properties
of the hyperbranched polymer have been reported to be largely dependent on the
nature of the chain endgroups. Morikawa modified the monomer Miller et al.
used by introducing a various number of phenylene units in the backbone.160
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The polymers can either be amorphous or semicrystalline, with increased glass
transition temperatures by increasing the phenyl units in the backbone.

Aromatic electronic substitution approach can also be used to prepare the
branched poly(ether ketone)s. Shu et al. prepared two monomers: 3,5-diphenoxy-
benzoic acid (A)161 and 5-phenoxyisophthalic acid (B) (Scheme 6.22).162 These
two monomers were polymerized in phosphorus pentoxide–methanesulfonic acid
via an electrophilic aromatic substitution. The reaction temperature for monomer
A was 90◦C. Because monomer B was only partially soluble at 100◦C, reac-
tion temperature higher than 120◦C was used. The degree of branching for these
polymers was about 55%. The phenoxy groups at the chain ends of the hyper-
branched poly(ether ketone) are highly reactive for further electrophilic aromatic
substitution and readily react with various carboxylic acids. The carboxylic acid
groups at the chain ends were readily accessible to reagent in solution and were
converted to a variety of functional groups. Physical properties, such as the
glass transition temperature and the solubility of the hyperbranched poly(ether
ketone)s, depended heavily on the nature of the chain ends. An ammonium salt
form of carboxylic-terminated poly(ether ketone) was soluble in water and was
demonstrated to form unimolecular micelle.

O

O

COOH O

HOOC

HOOC

(a) (b)

Scheme 6.22 Structures of (a) 3,5-diphenoxybenzoic acid (A) and (b) 5-phenoxyisoph-
thalic acid (B).

Recently, Fossum et al. prepared several phosphine-oxide-containing monomers
(Scheme 6.23).163 These monomers were used to prepare hyperbranched polymers
in a typical aromatic nucleophilic substitution. However, only oligomers with Mn

lower than 2500 g/mol were obtained. These results did not surprise us, since our
previous work demonstrated that the para-hydroxyl group of the phosphonyl group
is not very reactive and would require higher reaction temperatures.11

6.4.2 Dendritic Poly(arylene ether)s

Dendrimers have structures similar to that of hyperbranched polymer and can
be taken as the “perfectly” branched polymer with monodispersity. However,
they need to be prepared by a multistep procedure. Therefore, very little work
has been done on dendritic poly(arylene ether)s. Morikawa et al. prepared a
series of monomers with a various number of phenylene units.164,165 These
monomer were used to prepare poly(ether ketone) dendrons with graded structures
(Scheme 6.24).
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Scheme 6.23 Structures of ABx triarylphosphine oxides.

6.5 MODIFICATION OF POLY(ARYLENE ETHER)S

One objective of modifying poly(arylene ether)s was to alter their chemical nature
to some degree without sacrificing their excellent physical and other properties.
Functionalized polysulfones may find many applications as membrane materi-
als. These materials may be used as gas separation membranes or membranes
for water desalination. In addition, functionalized polymers can be further mod-
ified to generate graft copolymers or used to modify networks such as epoxies.
Recent advances in fuel cells require higher performance proton exchange mem-
branes, which, in turn, have motivated research on sulfonated high-performance
polymers. Generally, there are two methods to functionalize polymers. One is
to chemically modify the preformed polymer. Another is to use a functionalized
monomer to prepare the polymer via direct copolymerization.

6.5.1 Modification of Polymers

Introducing amino groups onto the phenylene rings comprising poly(phenylene
ether sulfone) chains was reported by Conningham et al. by carrying out nitra-
tion–reduction procedures on preformed PES.166 However, side reactions can
occur in nitration–reduction procedures due to the attack of nitronium ion at
carbon-to-sulfur chain linkages, as previously suggested by Schofield.167

Quentin may have been the first to sulfonate (arylene ether sulfone).168 In this
patent, it was demonstrated that the bisphenol A polysulfone could be sulfonated
by chlorosulfonic acid to produce a sulfonated poly(arylene ether sulfone), which
was used for desalination via reverse osmosis. However, the chlorosulfonic acid
may be capable of cleaving the bisphenol A polysulfone partially at the iso-
propylidene link or it might induce branching and crosslinking reactions by



A
lC

l 3

O
H

O
C

H
3

O
O

F
F

+
K

2C
O

3

O
C

H
3

O
O

O
O

O
H

O
O

O
O

352



O
H

O
O

O
O

+

O
C

H
3

O
O

F
F

O
C

H
3

O
O

O
O

O
O

O
O

O
O

O
O

K
2C

O
3

O
H

O
O

O
O

O
O

O
O

O
O

O
O

Pr
od

uc
t

A
lC

l 3

Sc
he

m
e

6.
24

Sy
nt

he
si

s
of

po
ly

(e
th

er
ke

to
ne

)
de

nd
ro

ns
w

ith
gr

ad
ed

st
ru

ct
ur

es

353



354 SYNTHESIS OF POLY(ARYLENE ETHER)S

converting the intermediate sulfonic acid group into a partially branched or
crosslinked sulfone unit. An alternative route was employed to sulfonate bisphe-
nol A polysulfone. In this approach, a complex of SO3 and triethyl phosphate
(TEP) with a mole ratio of 2 : 1 was used to sulfonate the polymer at room
temperature.169,170 This mild sulfonation treatment could minimize or even elim-
inate possible side reactions.

Chloromethylation was also carried out to modify the polysulfone for preparing
membrane materials.171

Recently, Guiver et al. reported a number of derivatives of polysulfone and
poly(aryl sulfone).172 – 188 Polysulfones were activated either on the ortho-sulfone
sites or the ortho-ether sites by direct lithiation or bromination–lithiation. The
lithiated intermediates were claimed to be quantitatively converted to azides by
treatment with tosyl azides. Azides are thermally and photochemically labile
groups capable of being transformed readily into a number of other useful
derivatives.

Poly(arylene ether ketone)s can also be modified by introducing the func-
tional groups using similar approaches to polysulfones. For example, poly(arylene
ether ketone)s were sulfonated.189 In addition, o-dibenzoylbenzene moieties in the
poly(arylene ether)s can be transformed to heterocycles by cyclization with small
molecules. These polymers can react with hydrazine monohydrate in the pres-
ence of a mild acid in chlorobenzene or with benzylamine in a basic medium.190

Another example of the use of the o-benzyl cyclization strategy is the intramolec-
ular ring closure of poly(arylene ketone)s containing 2,2′-dibenzoylbiphenyl units
to form poly(arylene ether phenanthrenes).191

Modifying polymers is very convenient and quite economic. However, control
of sulfonation is very difficult since the sulfonation occurs on the activated ring,
which may deteriorate thermal stability of the polymer. The extent of sulfonation
is also hard to control and side reactions may occur.

6.5.2 Modification of Monomers

Modification of monomers is fundamentally different than postreactions in that it
can allow better control of the molecular structure. Both diphenols and dihalides
can be modified to incorporate functional groups or new monomers containing
functional groups can be synthesized with similar structures as their counterparts.

6.5.2.1 Modification of Diphenols

Mathias et al. synthesized poly(ether sulfone)s and poly(ether ether ketone)s with
pendent adamantane groups.192 Incorporating adamantane into a polymer as a
pendent group has been demonstrated to significantly increase the glass transition
temperature.

Herbert and Hay reported a bisphenolic monomer, 3,8-bis(4-hydroxyphenyl)-
N -phenyl-1,2-naphthalimide (Table 6.1), as well as its corresponding poly(N -
phenyl imido aryl ether sulfone) via transimidization reactions with hydrazine
monohydrate, aliphatic amines, and an amino acid.193 These polysulfones with
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TABLE 6.1 Diphenol Monomers Modified with Functional Groups

Diphenol Monomers References

HO OH

170

4-(1-Adamentyl)-1,3-benzenediol

N

OHHO

O O

171

3,8-Bis(4-hydroxyphenyl)-N-phenyl-1,2-naphthalimide

N

N

OH

O

H

172, 173

Phthalazinone

C

CH3

CH2

HO OH

CH2

C
HO O

174–177

4,4′-Bis(4-hydroxyphenyl)pentanoic acid (BHPA)

C O

Cu

O

O C

O

ONaNaO

HH

178, 179

Copper–chelate monomer

HO OH

S

ONa
O

O 180

Sulfonated hydroquinone
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reactive functional groups can be used to prepare graft copolymers or polymer
networks by thermal curing.

Phenolphthalein reacts with hydroxylamine to give 4-aminophenol and 2(4-
hydroxybenzoyl)benzoic acid in high yield. 2-(4-Hydroxybenzoyl)benzoic acid
reacts with hydrazine to yield phthalazinone.194 This monomer behaves like a
bisphenol and reacts with activated difluorides (Scheme 6.25).195 The resulting
poly(arylene ether)s have high glass transition temperatures (over 265◦C).

OH

C

C OH

O

H2N NH2

OH

N

N

H

O

O

Scheme 6.25 Synthesis of phthalazinone.

Using 4,4′-bis(4-hydroxyphenyl)pentanoic acid (BHPA)196,197 as comonomer,
some polysulfones with pendent carboxylic groups were successfully synthesi-
zed.198,199 Table 6.1 shows the structure of BHPA. The functional groups can be
used for the preparation of graft copolymers.

A new monomer containing Cu(II) was also used to synthesize the electrically
conductive polysulfone (Table 6.1).200,201

Sulfonated hydroquinone was used to prepare functional poly(arylene ether
ketone)s, which may be used a gas separation membranes.202

6.5.2.2 Modification of Activated Dihalides

A few functional dihalides have been prepared. Some of these monomers are tab-
ulated in Table 6.2. The monomers could be nitrated and then reduced to amine-
functionalized monomers (Scheme 6.26).203 This approach was used to nitrate
DCDPS or bis-4-fluorophenyl phenyl phosphine oxide.204 These monomers were
used to copolymerize with some other activated dihalides as the comonomers.

Robeson and Matzner were the first to report the synthesis of the sulfonation
of DCDPS.205 This work makes it possible to synthesize sulfonated poly(arylene
ether sulfone) with well-controlled structures. Ueda et al. used this monomer
(Scheme 6.27) as a comonomer of DCDPS to react with bisphenol A and high-
molecular-weight bisphenol-A-based copolymers with up to 30 mol % sulfonation
achieved.206 Biphenol-based copolymers with up to 100 mol % sulfonation were
recently reported by Wang et al.207

Wang et al. also successfully sulfonated DFDPS (Scheme 6.28).208 Since the
DFDPS is more reactive than DCDPS, it is expected that the sulfonated DFDPS
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TABLE 6.2 Dihalide Monomers Modified with Functional Groups

Monomer Reference

S

O

O

F F

H2N

NH2

181

Amine functional DFDPS

P

O

F F

NH2

182

Amine functional BFPPO

S
O

O
NaO

Cl S

O

O

Cl

S
O

O
ONa

183–185

Sulfonated DCDPS

S
O

O
NaO

F S

O

O

F

S
O

O
ONa

186

Sulfonated DFDPS

P

O

F F

S
ONa

O

O
187

Sulfonated BFPPO

is more reactive than sulfonated DCDPS. Therefore, the sulfonated DFDPS can
react with deactivated diphenols, such as bisphenol S and bis(4-hydroxyphenyl
phenyl phosphine oxide).

Shohba et al. reported a sulfonated BFPPO monomer.209 The sulfonated BFPPO
was used as a comonomer of BFPPO to react with biphenol. Fairly high molecular
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Scheme 6.26 Synthetic route for the synthesis of amino DFDPS.
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Scheme 6.27 Synthesis route for disulfonated DCDPS.
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Scheme 6.28 Synthesis route for sulfonated BFPPO.
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weights were obtained and the mole percent of sulfonated monomer was up to
100 mol %. The polymers afforded transparent films.

6.6 BLOCK AND GRAFT COPOLYMERS

Poly(arylene ether sulfone)s and poly(arylene ether ketone) have been employed
to prepare block and graft copolymers. Generally, the block copolymers can be
prepared by reacting functional-group-terminated oligomers with other functional
oligomers and monomers.

Poly(arylene ether)s are high-performance polymers. Introducing soft seg-
ments generates a series of block copolymers. In addition, the soft segments can
be either hydrophobic or hydrophilic. The first perfectly alternating polysulfone-
block-polydimethylsiloxane was reported by Noshay et al.210 They used a hydroxyl-
terminated bisphenol A polysulfone to react with a dimethylamine-terminated
polydimethylsiloxane in chlorobenzene at 132◦C. The copolymers are surpris-
ingly quite hydrolytically stable, and varying the block lengths can control the
morphologies. Hedrick et al. reported the synthesis of poly(arylene ether ketone)s
and polydimethylsiloxane segmented copolymer.211 The poly(ether ether ketone)-
block-polydimethylsiloxane copolymers have some special properties. Structure–
property studies showed the properties of the block copolymers are highly related
to the structures.212 Perfectly alternating poly(arylene ether phenyl phosphine
oxide)-block-polydimethylsiloxane copolymers were recently reported by Polk
and co-workers.213 Due to the polarity of the phosphonyl group, these series of
block copolymers are expected to have some novel properties.

Polystyrene-block-polysulfone-block-polystyrene and poly(butyl acrylate)-
block-polysulfone-block-poly(butyl acrylate) triblock copolymers were prepared
using a macroinitiator.214 The hydroxyl-terminated polysulfone was allowed to
react with 2-bromopropionyl bromide, an atomic transfer radical polymeriza-
tion (ATRP) initiator, in the presence of pyridine. The modified macroinitiator
could initiate the styrene polymerization under controlled conditions.

Incorporating a hydrophilic block into polysulfones may improve certain
properties. Zhao et al. reported a A–B block copolymer based on
poly(tetramethylene oxide) (PTMO) and polysulfone (PSF).215 They first
prepared pyridine-terminated PSF oligomers of controlled molecular weights via
nucleophilic aromatic substitution reactions. PTMO oligomers were prepared by
ring-opening polymerization processes using trifluoromethanesulfonic anhydride
as the initiator and were terminated with the PSF oligomers, resulting in
quaternary nitrogen linkages along the backbone. The PSF-b-PTMO block
copolymers were also prepared via a melt transetherification procedure.216

Preparation of poly(ethylene oxide) (PEO) and poly(arylene ether) based
hydrophilic–hydrophobic block copolymer is of special interest because PEO has
been proven to be particularly reliable and versatile for the surface modification
of biomaterials. The first poly(ethylene oxide)-block-polysulfone (PEO-b-PSF)
copolymers were reported by Aksenov et al.217 They employed diisocyanate
chemistry to link hydroxy-terminated sulfone oligomers and poly(ethylene
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glycol). Recently, Ting and Hancock prepared PEO-b-PSF-b-PEO by a traditional
nucleophilic substitution method using monohydroxyl PEO and bisphenol A
as the comonomers to react with DCDPS.218 Hancock and Fagen reported an
alternative approach.219 They separately prepared aryl-chloride-terminated PSF
oligomer and PEO oligomer. These two polymers condensed with each other via a
typical nucleophilic aromatic substitution. With regard to the similar microporous
hollow-fiber membranes, a PEO-b-PSF membrane had a dynamic water contact
angle of 33◦ compared to 111◦ for a polysulfone membrane, demonstrating highly
improved hydrophilicity of block copolymer, which suggests that they might be
unique materials for medical devices.

Synthesis of block copolymers containing two high-performance block poly-
mers is of interest, because this approach may generate new polymeric materials
with novel morphologies and properties. McGrath et al. prepared polycarbon-
ate–polysulfone block copolymer using hydroxyl-terminated polysulfone as
the prepolymer.220 Lambert et al. reported segmented copolymers based on
poly(arylene terephthalate) or polyoxygenzoates and poly(arylene ether sul-
fone)s.221 Wu et al. developed a method to prepare poly(arylene ether ketone
sulfone) copolymers.222 In this approach, diphenols and DFBP were polymer-
ized in the presence of hydroxyl-terminated polysulfone. A segmented block
copolymer was obtained. The copolymer has increased Tg while not sacrificing
crystalline melting behavior relative to the PEEK.

Wu et al. synthesized PES with sodium phenate endgroups and reacted this
with fluorine-ended PEEK.223 However, PES224 and PEK225,226 polymers are
known to undergo transetherifications rapidly at high temperatures in the pres-
ence of nucleophilic phenolates. Therefore, any synthesis involving a nucleophilic
substitution reaction can lead either to a molecular weight decrease and/or to
molecular rearrangement (scrambling) of the structure units.

Bourgeois et al. reported a new approach227 wherein poly(arylene ether sul-
fone) and poly(arylene ether ketone) were functionalized with anhydride and
amine chain ends, respectively, to afford imide-linked copolymers.

Hedrick et al. reported imide aryl ether ketone segmented block copolymers.228

The block copolymers were prepared via a two-step process. Both a bisphenol-
A-based amorphous block and a semicrystalline block were prepared from a
soluble and amorphous ketimine precursor. The blocks of poly(arylene ether
ether ketone) oligomers with Mn range of 6000–12,000 g/mol were coreacted
with 4,4′-oxydianiline (ODA) and pyromellitic dianhydride (PMDA) diethyl ester
diacyl chloride in NMP in the presence of N -methylmorphiline. Clear films with
high moduli by solution casting and followed by curing were obtained. Multi-
phase morphologies were observed in both cases.

Very few graft copolymers based on poly(arylene ether)s have been syn-
thesized, probably because of their chemical inertness. Klapper et al. reported
grafting the polystyrene or polyisoprene onto the poly(ether ether ketone ketone)
(PEEKK) by anionic deactivation.229 The carbonyl groups on the backbone can be
attacked by the polystyrene monoanion or polyisoprene anion (Mn about 3000).
Due to the steric hindrance only about 30% of the carbonyl groups can be reacted.
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Control of the degree of grafting could be achieved should the molar ratio of
poly(styrenelithium) or poly(isoprenelithium) versus PEEKK be kept below the
maximum grafting efficiency. Grafting polystyrene onto the backbone did not
change its Tg whereas grafting polyisoprene onto the backbone did increase its
Tg, indicating grafting makes the polyisoprene chain more rigid. This approach
demonstrated that combining the extraordinary properties of a high-performance
polymer with those of standard polymers can be achieved by grafting polystyrene
and polyisoprene onto a poly(ether ether ketone ketone) backbone.

Le Guen et al. modified an amine-functionalized poly(arylene ether ketone)
by condensation with carboxy-terminated oligobenzamides as well as benzoyl
chloride.230 Grafting oligobenzamides increased the Tg of the polymer control.
However, grafting the benzoyl group decreased Tg. Young’s modulus increases
regularly with the length of the oligobenzamide side chain introduced. These
results indicated that hydrogen bonding of the side chains plays a crucial role in
the improvement of the polymer properties.

6.7 MISCELLANEOUS POLY(ARYLENE ETHER)S, POLY(ARYLENE
THIOETHER)S, AND RELATED POLYMERS

6.7.1 Fluorinated Polymers

Fluorinated poly(arylene ether)s are of special interest because of their low sur-
face energy, remarkably low water absorption, and low dielectric constants. The
bulk−CF3 group also serves to increase the free volume of the polymer, thereby
improving various properties of polymers, including gas permeabilities and elec-
trical insulating properties. The 6F group in the polymer backbone enhances
polymer solubility (commonly referred to as the “fluorine effect”) without for-
feiture of the thermal stability. It also increases the glass transition temperature
with concomitant decrease of crystallinity.

Stamatoff and Wittmann reported a synthesis of a 2-(4-phenoxyphenyl)hexa-
fluoroisopropanol in the presence of HF and an organic solvent via a Friedel–
Crafts reaction, as shown in Scheme 6.29.231 The resulting polymer could be
compression molded at 330–350◦C. It also exhibited excellent thermostability
and mechanical properties.

O C

CF3

CF3

OH
N2, P2O5

HF, BF3
O C

CF3

CF3

n

Scheme 6.29 Synthesis of poly(hexafluorobisphenol A).

Later, Farnham and Johnson reported the synthesis of higher molecular weight,
thermoplastic poly(arylene ether)s with good thermal, oxidative, chemical stabil-
ity, and physical properties by reacting (at 120–260◦C) a phenolate metal salt
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with a dibromide in the presence of a cuprous salt or cuprous salt complex in an
inert diluent (Scheme 6.30).232

NaO C

CF3

CF3

ONa   +   Br Br

O C

CF3

CF3

O
n

Scheme 6.30 Synthesis of HFBPA-based poly(arylene ether)s.

Hexa-fluorobisphenol A (HFBPA) based polysulfone and poly(arylene ether
phosphine oxide) were prepared by nucleophilic aromatic substitution similar to
that of bisphenol-A-based polysulfone and poly(arylene ether phosphine oxide).11

Poly(arylene ether)s containing 6F and ketone groups were synthesized via
nucleophilic aromatic substitution by bisphenol AF with different dihalides contain-
ing ketone groups.233 – 236 Mercer et al. reported a highly fluorinated poly(arylene
ether ether ketone) by reacting decafluorobenzophenone with diphenols via solu-
tion condensation polymerization.237 The results suggested that the polar groups
needed to be avoided to obtain low-k materials. As a result, the fluorinated poly-
mers have enhanced solubility in common organic solvents, high thermal stability
(485–553◦C), Tgs of 180◦C, and low dielectric constants (2.4 at 10 GHz), while
a nonfluorinated poly(ether ketone) analog had a Tg of 143◦C and dielectric con-
stant of 2.85. A systematic study on the dielectric constant and moisture absorption
in fluorinated polyethers, poly(ether sulfone)s, and poly(ether ketone)s showed
that dielectric constants were in a range of 2.72–3.03 and moisture absorption
0.78–1.21%, which was lower for poly(arylene ether)s without any sulfone, ketone,
or ether polarizable groups. The conclusion is that polymers prepared without polar-
izable groups, with a high level of fluorine and symmetrical substitution, would have
very low dielectric constants.238

Further lowering the dielectric constants has been achieved by preparing
highly fluorinated polyethers without any sulfone, ketone, or other polarizable
groups.239 – 241 Typically, the para-fluorine atoms on highly fluorinated aromatic
compounds, such as hexafluorobenzene and decafluorobiphenyl, are activated and
thus can go through aromatic nucleophilic substitution with HFBPA under typical
reaction conditions (Scheme 6.31).217

Recently, Banerjee et al. prepared a series of difluoro monomers with
pendent trifluoromethyl groups using a Pd(0)-catalyzed cross-coupling reaction
(Scheme 6.32).242,243 These monomers were converted to poly(arylene ether)s by
nucleophilic displacement of the halogen atoms on the benzene ring with several
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Scheme 6.31 Synthesis of highly fluorinated polyethers.217
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Scheme 6.32 Synthesis of fluorinated difluoro monomer.

bisphenols. Most of these polymers are thermally stable with Tg up to 234◦C.
They are quite soluble in common organic solvents. The tensile strength can be up
to 115 MPa. The heterocyclic ring containing monomers were also prepared.244

However, only the oxazole monomer afforded high molecular weight.

6.7.2 Poly(arylene thioether)s

Polysulfonation of self-polycondensation of 4-(phenylthio)benzenesulfonyl chlo-
ride was also used to prepare poly(arylene sulfide sulfone)s.245,246 Condensation
of diphenyl sulfide with 4,4′-oxydibenzenesulfonic acid or 4,4′-thiodibenzene-
sulfonic acid247 or by polyetherification of polycondensation of DCDPS with
4,4′-dihydroxydiphenol sulfide occurred.5
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Condensation of an activated aromatic halide with either an alkali metal thio-
phenoxide or an alkali metal sulfide is performed under the same experimental
condensations as used for polyetherification (Scheme 6.33).248

S

O

O

S S

n

n

n

nKS S

O

O

Cl

nCl S

O

O

Cl

NMP

nCl S

O

O
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nKS SK
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O

O

S

O

O

S

+

DMF
150 °C

24 h
−2 nKCl

180 °C, 5 h

+

+  nNa2S

nKCl

Scheme 6.33 Some examples of synthesis of poly(arylene thioether sulfone)s.

Bis(haloaryl) sulfones can indeed be polycondensed with dialkali metal
bisthiophenoxides,249 – 251 and alkali metal (haloarylsulfonyl)thiophenoxides
can be self-polycondensed.252 In some cases, the polymerization of
(haloarylsulfononyl)thiophenol can be promoted by KF.253,254 Bis(haloaryl)
sulfones may also be polycondensed with alkali metal sulfides in the presence
of CH3COOLi or heterocyclic amines,255 or additionally, copolycondensed
with dihalobenzenes.256 The reaction must be optimized by controlling the
reaction temperature, time, and amounts of water to obtain high-molecular-weight
poly(sulfide sulfone)s.257

Recently, Liu et al. used DCDPS to prepare thiobisphenol S (TBPS) by hydro-
lysis.258 DTPS can be used to react with DCDPS in a dipolar aprotic solvent with
K2CO3 as the weak base at 165◦C and high molecular weight can be obtained
due to higher reactivity of TBPS compared with its BPS counterpart.
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7.1 INTRODUCTION

Phenolic resins comprise a large family of oligomers and polymers (Table 7.1),
which are various products of phenols reacted with formaldehyde. They are ver-
satile synthetic materials with a large range of commercial applications. Plywood
adhesives account for nearly half of all phenolic applications while wood-binding
and insulation materials also make up a significant portion.1 Other uses for pheno-
lics include coatings, adhesives, binders for abrasives, automotive and electrical
components, electronic packaging, and matrices for composites.

Phenolic oligomers are prepared by reacting phenol or substituted phenols with
formaldehyde or other aldehydes. Depending on the reaction conditions (e.g., pH)
and the ratio of phenol to formaldehyde, two types of phenolic resins are obtained.
Novolacs are derived from an excess of phenol under neutral to acidic conditions,
while reactions under basic conditions using an excess of formaldehyde result
in resoles.

Phenolic resins were discovered by Baeyer in 1872 through acid-catalyzed
reactions of phenols and acetaldehyde. Kleeberg found in 1891 that resinous
products could also be formed by reacting phenol with formaldehyde. But it
was Baekeland who was granted patents in 1909 describing both base-catalyzed
resoles (known as Bakelite resins) and acid-catalyzed novolac products.2

This chapter emphasizes the recent mechanistic and kinetic findings on pheno-
lic oligomer syntheses and network formation. The synthesis and characterization
of both novolac- and resole-type phenolic resins and their resulting networks are
described. Three types of networks, novolac–hexamethylenetetramine (HMTA),
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TABLE 7.1 U.S. Phenolic Production (in millions of
pounds on a gross weight basis)a

1998 1997 % Change

3940 3734 5.5

aFrom Society of Plastic Industries Facts and Figures, SPI, Wash-
ington, DC, 1999.

novolac–epoxies, and thermally cured resoles will be primarily discussed. Other
phenolic-based networks include benzoxazines and cyanate esters. Since pheno-
lic materials possess excellent flame retardance, a discussion of the thermal and
thermo-oxidative degradation pathways will be included. Detailed information on
the chemistry, applications, and processing of phenolic materials can be found
in a number of references.2 – 6

7.2 MATERIALS FOR THE SYNTHESIS OF NOVOLAC
AND RESOLE PHENOLIC OLIGOMERS

7.2.1 Phenols

The most common precursor to phenolic resins is phenol. More than 95% of phe-
nol is produced via the cumene process developed by Hock and Lang (Fig. 7.1).
Cumene is obtained from the reaction of propylene and benzene through acid-
catalyzed alkylation. Oxidation of cumene in air gives rise to cumene hydroperox-
ide, which decomposes rapidly at elevated temperatures under acidic conditions
to form phenol and acetone. A small amount of phenol is also derived from coal.

Substituted phenols such as cresols, p-tert-butylphenol, p-phenylphenol, resor-
cinol, and cardanol (derived from cashew nut shells) have also been used as
precursors for phenolic resins. Alkylphenols with at least three carbons in the
substituent lead to more hydrophobic phenolic resins that are compatible with
many oils, natural resins, and rubbers.7 Such alkylphenolic resins are used as
modifying and crosslinking agents for oil varnishes, as coatings and printing inks,
and as antioxidants and stabilizers. Bisphenol-A (2,2-p-hydroxyphenylpropane),

CH3 CH CH2

Phosphoric acid Catalyst

O2

OOH

+

OH

H+

CH3 C CH3

O

Figure 7.1 Preparation of phenol monomer.
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a precursor to a number of phenolic resins, is the reaction product of phenol and
acetone under acidic conditions.

An additional activating hydroxyl group on the phenolic ring allows resorcinol
to react rapidly with formaldehyde even in the absence of catalysts.8 This provides
a method for room temperature cure of resorcinol–formaldehyde resins or mixed
phenol–formaldehyde/resorcinol–formaldehyde resins. Trihydric phenols have
not achieved commercial importance, probably due to their higher costs.

7.2.2 Formaldehyde and Formaldehyde Sources

Formaldehyde, produced by dehydrogenation of methanol, is used almost exclu-
sively in the synthesis of phenolic resins (Fig. 7.2). Iron oxide, molybdenum
oxide, or silver catalysts are typically used for preparing formaldehyde. Air is a
safe source of oxygen for this oxidation process.

Since formaldehyde is a colorless pungent irritating gas, it is generally mar-
keted as a mixture of oligomers of polymethylene glycols either in aqueous
solutions (formalin) or in more concentrated solid forms (paraformaldehyde).
The concentration of formalin ranges between about 37 and 50 wt %. A 40 wt %
aqueous formalin solution at 35◦C typically consists of methylene glycols with
1–10 repeat units. The molar concentration of methylene glycol with one repeat
unit (HO−CH2−OH) is highest and the concentrations decrease with increasing
numbers of repeat units.9 Paraformaldehyde, a white solid, contains mostly poly-
methylene glycols with 10–100 repeat units. It is prepared by distilling aqueous
formaldehyde solutions and generally contains 1–7 wt % water.

Methanol, the starting reagent for producing formaldehyde, stabilizes the for-
malin solution by forming acetal endgroups and is usually present in at least small
amounts (Fig. 7.3). Methanol may also be formed by disproportionation during
storage. The presence of methanol reduces the rate of phenol–formaldehyde
reaction but does not affect the activation energies.10 It is generally removed by
stripping at the end of the reaction.

Water is necessary for decomposing paraformaldehyde to formaldehyde
(Fig. 7.4). However, water can serve as an ion sink and water–phenol mixtures

Catalyst
CH3 OH + 1/2 O2 H C H

O

+ H2O

Figure 7.2 Synthesis of formaldehyde.

CH3 OH + HO CH2 O Hn CH3 O CH2 O Hn + H2O

Figure 7.3 Formation of hemiformals.

+HO CH2 O Hn HO CHH2O +HO CH2 O Hn − 1 OH

Figure 7.4 Depolymerization of aqueous polyoxymethylene glycol.
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6 CH2O + 4 NH3 N N

N

N
+ 6 H2O

Figure 7.5 Synthesis of HMTA.

phase separate as the water concentration increases. Therefore, large amounts of
water reduce the rate of reaction between phenol and formaldehyde.11

Used for crosslinking novolacs or catalyzing resole syntheses, HMTA is pre-
pared by reacting formaldehyde with ammonia (Fig. 7.5). The reaction is reversi-
ble at high temperatures, especially above 250◦C. HMTA can also be hydrolyzed
in the presence of water.

7.3 NOVOLAC RESINS

The most common precursors for preparing novolac oligomers and resins are
phenol, formaldehyde sources, and, to a lesser extent, cresols. Three reactive
sites for electrophilic aromatic substitution are available on phenol which give
rise to three types of linkages between aromatic rings, that is, ortho–ortho,
ortho–para, and para–para. The complexity of the isomers leads to amorphous
materials. For a novolac chain with 10 phenol groups, 13,203 isomers12 can sta-
tistically form, making the separation of pure phenolic compounds from novolacs
nearly impossible.

7.3.1 Synthesis of Novolac Resins

Novolacs are prepared with an excess of phenol over formaldehyde under acidic
conditions (Fig. 7.6). A methylene glycol is protonated by an acid from the
reaction medium, which then releases water to form a hydroxymethylene cation
(step 1 in Fig. 7.6). This ion hydroxyalkylates a phenol via electrophilic aromatic
substitution. The rate-determining step of the sequence occurs in step 2 where
a pair of electrons from the phenol ring attacks the electrophile forming a car-
bocation intermediate. The methylol group of the hydroxymethylated phenol is
unstable in the presence of acid and loses water readily to form a benzylic carbo-
nium ion (step 3). This ion then reacts with another phenol to form a methylene
bridge in another electrophilic aromatic substitution. This major process repeats
until the formaldehyde is exhausted.

The reaction between phenol and formaldehyde is exothermic. Therefore, the
temperature must be controlled to prevent the buildup of heat, particularly during
the early stages of reaction.4 When formalin is used, water provides a medium
for heat dissipation.

Typical formaldehyde-to-phenol ratios in novolac syntheses range from about
0.7 to 0.85 to maintain oligomers with sufficiently low molecular weights
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Figure 7.6 Mechanism of novolac synthesis via electrophilic aromatic substitution.

and reasonable melt viscosities. This is especially important since phenol is
trifunctional and a gel fraction begins to form as conversion increases. As a
result, the number-average molecular weights (Mn) of novolac resins are generally
below 1000 g/mol.

The acidic catalysts used for these reactions include formic acid, HX (X = F, Cl,
Br), oxalic acid, phosphoric acid, sulfuric acid, sulfamic acid, andp-toluenesulfonic
acid.4 Oxalic acid is preferred since resins with low color can be obtained. Oxalic
acid also decomposes at high temperatures (>180◦C) to CO2, CO, and water,
which facilitates the removal of this catalyst thermally. Typically, 1–6 wt % cata-
lyst is used. Hydrochloric acid results in corrosive materials and reportedly releases
carcinogenic chloromethyl ether by-products during resin synthesis.2

Approximately 4–6 wt % phenol can typically be recovered following novolac
reactions. Free phenol can be removed by washing with water repeatedly. The
recovered phenolic components may contain 1,3-benzodioxane, probably derived
from benzyl hemiformals (Fig. 7.7).2

7.3.2 “High-Ortho” Novolac Resins

High-ortho novolacs (Fig. 7.8) are sometimes more desirable since they cure
more rapidly with HMTA. A number of oxides, hydroxides, or organic salts
of electropositive metals increase the reactivity of the ortho position during
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Figure 7.8 High ortho novolacs.

oligomer formation.13 These high ortho novolacs are typically formed at pH
4–6 as opposed to the more common strongly acidic conditions.

Metal hydroxides of first- and second-group elements can enhance ortho sub-
stitution, the degree of which depends on the strength of metal-chelating effects
linking the phenolic oxygen with the formaldehyde as it approaches the ortho
position. Transition metal ions of elements such as Fe, Cu, Cr, Ni, Co, Mn,
and Zn as well as boric acid also direct ortho substitutions via chelating effects
(Fig. 7.9).

Phenol–formaldehyde reactions catalyzed by zinc acetate as opposed to strong
acids have been investigated, but this results in lower yields and requires longer
reaction times. The reported ortho–ortho content yield was as high as 97%. Sev-
eral divalent metal species such as Ca, Ba, Sr, Mg, Zn, Co, and Pb combined with
an organic acid (such as sulfonic and/or fluoroboric acid) improved the reaction
efficiencies.14 The importance of an acid catalyst was attributed to facilitated
decomposition of any dibenzyl ether groups formed in the process. It was also
found that reaction rates could be accelerated with continuous azeotropic removal
of water.
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Figure 7.9 Proposed chelate structures in the synthesis of high ortho novolac oligomers.
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Figure 7.10 Intramolecular hydrogen bonding of high ortho novolacs.

An interesting aspect of high-ortho novolac oligomers is their so-called ‘hyper-
acidity’. The enhanced acidity of high-ortho novolac resins, intermediate between
phenols and carboxylic acids, has been attributed to increased dissociation of the
phenol protons due to strong intramolecular hydrogen bonding (Fig. 7.10). These
materials are also reported to form strong complexes with di- and trivalent metals
and nonmetals.2

7.3.3 Model Phenolic Oligomer Synthesis

Linear novolac oligomers containing only ortho linkages were prepared using bro-
momagnesium salts under dry conditions.15 The bromomagnesium salt of phenol
coordinates with the incoming formaldehyde (Fig. 7.11a) or quinone methide
(Fig. 7.11b) directing the reaction onto only ortho positions.
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Figure 7.11 Selective ortho coupling reaction using bromomagnesium salts.
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Figure 7.12 Synthesis of model phenolic compound.

de Bruyn et al.16 prepared low molecular weight model novolac compounds
comprised of four to eight phenolic units utilizing the bromomagnesium salt
methodology (Fig. 7.12). A para–para-linked dimer was used as the starting
material where tert-butyldimethylsilyl chloride (TBSCl) was reacted with one
phenol on a dimer to deactivate its ring against electrophilic reaction with
formaldehyde. Selective ortho coupling formed bridges between the remaining
phenol rings; then the tert-butyldimethylsilyl protecting groups were removed
with fluoride ion. These compounds and all ortho-linked model compounds
prepared using bromomagnesium salts were subsequently used as molecular
weight standards for calibrating gel permeation chromatography and to study
model reactions with HMTA (see Section 7.3.8).

7.3.4 Controlled Molecular Weight Cresol Novolac Oligomers

Although molecular weights in typical phenolic novolac syntheses are inten-
tionally limited, these procedures lack molecular weight control. The reactions
are generally terminated prior to full conversion after a certain reaction time or
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Figure 7.13 Synthesis of 2,6-dimethylphenol end-capped cresol novolac resin.

once a specified viscosity is reached. The synthesis of linear controlled molecular
weight cresol novolac resins has been investigated by strategically controlling the
stoichiometric ratio of cresol to 2,6-dimethylphenol (as the end-capping reagent)
as calculated via the Carothers equation (Fig. 7.13) and reacting the materials
until full conversion is achieved.17 Targeted molecular weights could be obtained
by using a slight excess of formaldehyde relative to the calculated values. The
reasons for needing an excess of formaldehyde were attributed to some reagent
loss during the early exothermic reaction stages and also to formation of a small
amount of dimethylene ether linkages between cresol rings (thus using 2 mol of
formaldehyde in one link as opposed to 1 mol).

The molecular weights were analyzed via 13C nuclear magnetic resonance
(NMR) by ratioing the methyl peaks on endgroups versus the methyl peaks
within the repeat units. The molecular weights for these novolac resins made
with ortho- or para-cresol showed good agreement between experimental results
and the targeted values (Table 7.2).

TABLE 7.2 Calculated Mn versus Targeted Mn

Target Mn

(g/mol)
NAA (cresol)

(mol)
NZA: (2,6-DMP)a

(mols)
Ortho Series
Mn (g/mol)

Para Series
Mn (g/mol)

500 1 0.984 490 510
1000 1 0.323 930 1010
1500 1 0.193 1380 1460
2000 1 0.138 2250 2150

a2,6-Dimethylphenol.
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7.3.5 Reaction Conditions and Copolymer Effects

Alkyl-substituted phenols have different reactivities than phenol toward reaction
with formaldehyde. Relative reactivities determined by monitoring the disappear-
ance of formaldehyde in phenol–paraformaldehyde reactions (Table 7.3) show
that, under basic conditions, meta-cresol reacts with formaldehyde approximately
three times faster than phenol while ortho- and para-cresols react at approximately
one-third the rate of phenol.18 Similar trends were observed for the reactivities
of acid-catalyzed phenolic monomers with formaldehyde.

One comparison study of oxalic-acid-catalyzed reactions involving ortho- and
meta-cresol mixtures demonstrated that meta-cresol was preferentially incorpo-
rated into the oligomers during the early stages of reaction.19 Given the same
reaction conditions and time, higher o-cresol compositions (of the mixtures)
resulted in decreased overall yields since there was insufficient time for o-cresol
to fully react. Consequently, the molecular weights and glass transition temper-
atures (Tg) were also lower in these partially reacted materials. As expected, the
molecular weight increased if a larger amount of catalyst was used or if more
time was allowed for reaction. Increased catalyst concentrations also broadened
molecular weight distributions.

Bogan et al. conducted similar studies in which meta- and/or para-cresols
were reacted with formaldehyde at 99◦C for 3 h using oxalic acid dihydrate
as the catalyst to form novolac-type structures.20 Using a relative reactivity of
0.09 ± 0.03 for p-cresol with formaldehyde versus m-cresol with formaldehyde,
a statistical model was employed to predict the amounts of unreacted cresols
during the reactions, branching density, and m/p-cresol copolymer compositions.
Good agreement was found between the predictions and experimental results.
Since p-cresol reacted much slower that m-cresol, it was to a first approximation
considered an unreactive diluent. When meta- and para-cresol mixtures were
reacted, oligomers consisting of mostly m-cresol formed first; then when the
m-cresol content was depleted, p-cresol incorporation was observed (mostly at the

TABLE 7.3 Relative Reaction Rates of Various
Phenols with Formaldehyde under Basic Conditionsa

Compound Relative Reactivity

2,6-Xylenol 0.16
ortho-Cresol 0.26
para-Cresol 0.35
2,5-Xylenol 0.71
3,4-Xylenol 0.83
Phenol 1.00
2,3,5-Trimethylphenol 1.49
meta-Cresol 2.88
3,5-Xylenol 7.75

aFrom ref. 3.
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chain ends). Full conversions were not achieved in these investigations, probably
due to insufficient reaction times for p-cresol to react completely.

Linear novolac resins prepared by reacting para-alkylphenols with paraformal-
dehyde are of interest for adhesive tackifiers. As expected for step-growth poly-
merization, the molecular weights and viscosities of such oligomers prepared in
one exemplary study increased as the ratio of formaldehyde to para-nonylphenol
was increased from 0.32 to 1.00.21 As is usually the case, however, these reac-
tions were not carried out to full conversion, and the measured Mn of an oligomer
prepared with an equimolar phenol-to-formaldehyde ratio was 1400 g/mol. Plots
of apparent shear viscosity versus shear rate of these p-nonylphenol novolac
resins showed non-Newtonian rheological behavior.

Reaction media play an important role in m-cresol–paraformaldehyde react-
ions.22 Higher molecular weight resins, especially those formed from near-equi-
molar m-cresol–formaldehyde ratios, can be obtained by introducing a water
miscible solvent such as ethanol, methanol, or dioxane to the reaction. Small
amounts of solvent (0.5 mol solvent/mol cresol) increased reaction rates by
reducing the viscosity and improving homogeneity. Further increases in solvent,
however, diluted the reagent concentrations to an extent that decreased the rates
of reaction.

7.3.6 Molecular Weight and Molecular Weight Distribution Calculations

The molecular weights and molecular weight distributions (MWD) of phenolic
oligomers have been evaluated using gel permeation chromatography (GPC),23,24

NMR spectroscopy,25 vapor pressure osmometry (VPO),26 intrinsic viscosity,27

and more recently matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI–TOF MS).28

The most widely used molecular weight characterization method has been
GPC, which separates compounds based on hydrodynamic volume. State-of-the-
art GPC instruments are equipped with a concentration detector (e.g., differential
refractometer, UV, and/or IR) in combination with viscosity or light scattering.
A viscosity detector provides in-line solution viscosity data at each elution vol-
ume, which in combination with a concentration measurement can be converted
to specific viscosity. Since the polymer concentration at each elution volume is
quite dilute, the specific viscosity is considered a reasonable approximation for
the dilute solution’s intrinsic viscosity. The plot of log[η]M versus elution vol-
ume (where [η] is the intrinsic viscosity) provides a universal calibration curve
from which absolute molecular weights of a variety of polymers can be obtained.
Unfortunately, many reported analyses for phenolic oligomers and resins are sim-
ply based on polystyrene standards and only provide relative molecular weights
instead of absolute numbers.

Dargaville et al.29 and Yoshikawa et al.23 recognized the difficulties in obtain-
ing accurate GPC molecular weights of phenolic resins due to large amounts
of isomers and their associated differences in hydrodynamic sizes. These work-
ers generated GPC calibration curves using a series of low-molecular-weight



386 CHEMISTRY AND PROPERTIES OF PHENOLIC RESINS AND NETWORKS

model novolac compounds: (1) linear compounds with only ortho–ortho methy-
lene linkages, (2) compounds with ortho–ortho methylene-linked backbones and
where each unit had a pendent para–para methylene-linked unit, and (3) com-
pounds with ortho–ortho methylene-linked backbones and where each unit had
a pendent para-ortho methylene-linked unit.29 For a given molecular weight,
the hydrodynamic volume of oligomers with only the ortho–ortho methylene
links was smaller than the others. It was reasoned that the reduced hydro-
dynamic volume was caused by “extra” intramolecular hydrogen bonding in
high-ortho novolacs, which was a similar argument to that suggested previ-
ously by Yoshikawa et al.23 Based on the GPC calibration curves of the model
compounds and their known chemical structures, simulated calibration curves
were generated for idealized 100% ortho-para methylene-linked oligomers and
for 100% para–para-linked oligomers.

GPC chromatograms for a series of commercial novolacs, including resins
with statistical distributions of ortho and para linkages and high ortho novolac
resins were measured. Carbon-13 NMR provided the relative compositions of
ortho–ortho-, ortho–para-, and para–para-linked methylene groups. Molecular
weights from GPC were calculated by considering the fractions of each type
of linkage multiplied by the molecular weights calculated from each of the
three ortho–ortho (experimental), ortho–para (simulated), and ortho–ortho (sim-
ulated) GPC calibration curves. Good agreement was found between the resin
molecular weights measured from 1H NMR and the interpolated GPC numbers
for oligomers up to an average of four to five units per chain, whereas more
deviation was observed for higher molecular weights. This was attributed to
complicated intramolecular hydrogen bonding in the higher molecular weight
materials. Another factor may be that branching becomes significant in the higher
molecular weight materials and the hydrodynamic volume effects of architecture
are also complicated.

Proton NMR integrations of methylene and aromatic regions can be used to
calculate the number-average molecular weights of novolac resins29:

[CH2]

[Ar]
= 2n− 2

3n+ 2
(7.1)

where [CH2]/[Ar] is the ratio of methylene protons to aromatic protons and n

is the number of phenolic units. The method is quite accurate for novolacs with
less than eight repeat units.

Solution 13C NMR has been used extensively to examine the chemical struc-
tures of phenolic resins.23,30 By ratioing the integration of peaks, degree of poly-
merization, number-average molecular weights, degrees of branching, numbers
of free ortho and para positions, and isomer distributions have been evaluated. A
typical 13C NMR spectrum of a novolac resin shows three regions (Table 7.4):
The methylene linkages resonate between 30 and 40 ppm; the peaks between
146 and 157 ppm are due to hydroxyl-substituted aromatic carbons; and peaks
between 113 and 135 ppm represent the remainder of the aromatic carbons.
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TABLE 7.4 Peak Assignments for 13C NMR
Chemical Shifts of Phenolic Resinsa

Chemical Shift
Region (ppm) Assignment

150–156 Hydroxyl-substituted phenolic
carbons

127–135 Other phenolic carbons
121 Para-unsubstituted phenolic carbons
116 Ortho-unsubstituted phenolic carbons
85.9 HO−CH2−O−CH2−OH
81.4 HO−CH2−OH
71.1 Para-linked dimethylene ether
68.2 Ortho-linked dimethylene ether
40.8 Para–para methylene linkages
35.5 Para–ortho methylene linkages
31.5 Ortho–ortho methylene linkages

aFrom refs. 31 and 41.

The number of remaining ortho reactive sites versus the number of para reac-
tive sites can also be calculated using 13C NMR (Table 7.4). Since the rates of
novolac cure reactions differ with the amount of ortho versus para reactive sites
available, it is of great interest to calculate these parameters.

Degrees of polymerization can be calculated from quantitative 13C NMR data
by considering the number of substituted (reacted) relative to unsubstituted (not
yet reacted) ortho and para phenolic carbons where [S] is the sum of substituted
ortho and para carbons and [S] + [U ] is the total ortho and para carbons. The
fraction of reacted ortho and para sites is denoted by fs [Eq. (7.2)]. Thus, the
number-average number of phenol units per chain (x) can be calculated using
Eq. (7.3). This leads to a simple calculation of Mn = x × 106 − 14:

fs = [S]

[S] + [U ]
(7.2)

x = 1

(1 − 1.5 fs)
(7.3)

Fourier transform infrared (FTIR) and FT Raman spectroscopy have been
used to characterize phenolic compounds. The lack of hydroxyl interference is a
major advantage of using FT Raman spectroscopy as opposed to FTIR to charac-
terize phenolic compounds. Two regions of interest in Raman spectra are between
2800 and 4000 cm−1, where phenyl C−H stretching and methylene bridges are
observed, and between 400 and 1800 cm−1.31 For a high-ortho novolac resin,
the phenyl C−H stretch and methylene bridge appear at 3060 and 2940 cm−1,
respectively. In the fingerprint region, the main bands are 1430–1470 cm−1 rep-
resentative of methylene linkages and 600–950 cm−1 for out-of-plane phenyl
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C−H bonds. Phenol, mono-ortho, and di- and tri-substituted phenolic rings can
be monitored between 814–831, 753–794, 820–855, and 912–917 cm−1, respec-
tively. Para-substituted phenolic rings also absorb in the 820–855-cm−1 region.

Mandal and Hay28 used MALDI–TOF mass spectrometry to determine the
absolute molecular masses and endgroups of 4-phenylphenol novolac resins pre-
pared in xylene or chlorobenzene. Peaks with a mass difference of 44 (the
molecular weight of a xylene endgroup) suggested that reactions conducted in
xylene included some incorporation of xylene onto the chain ends when a strong
acid such as sulfuric acid was used to catalyze the reaction. By contrast, no
xylene was reacted into the chain when a milder acid catalyst such as oxalic acid
was used. No chlorobenzene was incorporated regardless of the catalyst used.

7.3.7 Hydrogen Bonding

The abundant hydroxyl groups on phenolic resins cause these materials to form
strong intra- and intermolecular hydrogen bonds. Intramolecular hydrogen bonding
of phenolic resins gives rise to their hyperacidity while intermolecular hydrogen
bonding facilitates miscibility with a number of materials containing electron donors
such as carbonyl, amide, hydroxyl, ether, and ester groups. Miscible polymer blends
of novolac resins include those with some polyamides,32 poly(ethylene oxide),33

poly(hydroxyether)s,34 poly(vinyl alcohol),35 and poly(decamethylene adipate) and
other poly(adipate ester)s.36 The specific strength of hydrogen bonding is a function
of the groups involved; for example, hydroxyl–hydroxyl interactions are stronger
than hydroxyl–ether interactions.37

The effects of intermolecular hydrogen bonding on neat novolac resins with
compounds containing hydrogen acceptors (e.g., 1,4-diazabicyclo[2,2,2]octane
(DABCO) and hexamethylene tetramine) were also investigated.38 Glass tran-
sition temperatures of neat resins and blends were measured using differen-
tial scanning calorimetry (DSC) to assess the degrees of hydrogen bonding.
Hydrogen-bonding interactions of novolac resins with electron donor sites such
as oxygen, nitrogen, or chlorine atoms resulted in increased Tg.

The propensity for dry novolac resins to absorb water at room temperature
under 100% humidity is another indication that strong hydrogen bonds form.
Approximately 15 wt % water is absorbed by the novolac after 4 d, which cor-
responds to one water molecule per hydroxyl group.38

Dielectric measurements were used to evaluate the degrees of inter- and
intramolecular hydrogen bonding in novolac resins.39 The frequency dependence
of complex permittivity (ε∗) within a relaxation region can be described with a
Havriliak and Negami function (HN function):

ε∗ = ε∞ + εS − ε∞
[1 + (iωτ0)β]γ

(7.4)

where εS and ε∞ are the relaxed and unrelaxed dielectric constants, ω is the
angular frequency, τ0 is the relaxation time, and β and γ are fitting parameters.
The complex permittivity is comprised of permittivity (ε′) and dielectric loss
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(ε′′). Fitting parameters in the HN function are related to shape parameters m

and n, which describe the limiting behavior of dielectric loss (ε′′) at low and high
frequencies, respectively. Intermolecular (characterized by m) and intramolecular
(characterized by n) hydrogen bonding can be correlated with m and n values
which range from 0 to 1 (where lower values correspond to stronger hydro-
gen bonding). For one novolac resin examined (Mn = 1526 determined via GPC
using polystyrene standards, MWD = 2.6, Tg = 57◦C), m was 0.52 and n was
0.2. These results were considered indicative of strong intramolecular hydrogen
bonding within the novolac structures.

7.3.8 Novolac Crosslinking with HMTA

The most common crosslinking agent for novolac resins is HMTA which provides
a source of formaldehyde. Novolac resins prepared from a phenol–formaldehyde
(F/P) ratio of 1/0.8 can be cured with 8–15 wt % HMTA, although it has been
reported that 9–10 wt % results in networks with the best overall performance.3

7.3.8.1 Initial Reactions of Novolacs with HMTA

The initial cure reactions of a novolac with HMTA were studied by heating the
reactants at 90◦C for 6 h, then raising the temperature incrementally to a maxi-
mum of 205◦C. This led to mostly hydroxybenzylamine and benzoxazine inter-
mediates (Fig. 7.14).40,41 Hydroxybenzylamines form via repeated electrophilic
aromatic substitutions of the active phenolic ring carbons on the methylenes of
the HMTA (and derivatives of HMTA). Since novolac resins form strong inter-
molecular hydrogen bonds with electron donors, a plausible mechanism for the
initial reaction between novolac and HMTA involves hydrogen bonding between
phenolic hydroxyl groups and an HMTA nitrogen (Fig. 7.14). Such hydrogen
bonding can lead to a proton transfer from which a phenolate ion is generated.
A negatively charged ortho or para carbon can attack the methylene carbon next
to the positively charged nitrogen on HTMA, which results in cleavage of a
C−N bond. Benzoxazines form by nucleophilic attack of the phenolic oxygen
on HMTA–phenolic intermediates (Fig. 7.14). Upon further reaction, methylene
linkages form as the major product of both types of intermediates through various
thermal decomposition pathways.

Since a small amount of water is always present in novolac resins, it has also
been suggested that some decomposition of HMTA proceeds by hydrolysis, leading
to the elimination of formaldehyde and amino–methylol compounds (Fig. 7.15).42

Phenols can react with the formaldehyde elimination product to extend the novolac
chain or form methylene-bridged crosslinks. Alternatively, phenol can react with
amino–methylol intermediates in combination with formaldehyde to produce ortho-
or para-hydroxybenzylamines (i.e., Mannich-type reactions).

Reaction pathways involved in the curing of novolacs with HMTA have been
extensively investigated by Solomon and co-workers.43 – 50 In a series of model
studies where 2,6-xylenol and/or 2,4-xylenol was reacted with HMTA, these
workers found that the types of linkages formed were affected by the initial
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chemical structure of the novolac, that is, amount of ortho versus para reactive
positions, amount of HMTA, and pH. Reaction intermediates for the cures were
identified, mostly via FTIR, 13C NMR, and 15N NMR.
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As previously described, the main intermediates generated from the initial
reaction between ortho reactive sites on novolac resins and HMTA are hydroxy-
benzylamines and benzoxazines.44 Triazines, diamines, and, in the presence of
trace amounts of water, benzyl alcohols and ethers also form (Fig. 7.16). Similar
intermediates, with the exception of benzoxazines, are also observed when para
sites react with HMTA.
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Figure 7.16 Possible reaction intermediates for the reaction of 2,4-xylenol with HTMA.
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Thermolysis rates to form methylene linkages depend on the stabilities of
hydroxybenzylamine and benzoxazine intermediates. Comparatively, ortho-linked
hydroxybenzylamine intermediates are more stable than para-linked structures
because six-membered rings can form between the nitrogen and phenolic hydroxyl
groups via intramolecular hydrogen bonding. For the same reason, benzoxazines
are the most stable intermediates and decompose only at higher temperatures
(185◦C).45 If a high-ortho novolac resin is cured with HMTA, the reaction occurs
at lower temperatures due to formation of relatively unstable para-linked inter-
mediates and the amount of side products is low. If, however, a typical novolac is
used, the reaction temperature must be higher to decompose the more thermally
stable ortho intermediates, and the amount of nitrogen-containing side products
is significantly higher.46,47

If only ortho sites are available for reaction, the amount of hydroxybenzy-
lamine versus benzoxazine generated is largely dependent on the novolac–HMTA
ratio. Hydroxybenzylamine is favored when the HMTA content is low whereas
more benzoxazine is formed at higher HMTA concentrations. This is expected
since only one HMTA carbon is needed per reactive ortho position in the for-
mation of hydroxybenzylamine, but the formation of benzoxazine requires three
HMTA carbons per two reactive ortho positions. The HMTA concentration there-
fore is one key in determining the structure of the resulting networks. Lower
HMTA contents leading to more hydroxybenzylamine intermediates means that
lower temperatures can be used for decomposition into methylene bridges and
correspondingly lower levels of side products form under such conditions.

7.3.8.2 Hydroxybenzylamine and Benzoxazine Decompositions
in Novolac–HMTA Cures

THERMAL DECOMPOSITION OF HYDROXYBENZYLAMINES Depending on the concentra-
tion of HMTA and mobility of the system, hydroxybenzylamine and benzox-
azine intermediates react by a number of pathways to form crosslinked novolac
networks. Trishydroxybenzylamines eliminate benzoquinone methide between 90
and 120◦C to form bishydroxybenzylamines, which decompose to methylene
linkages with the elimination of CH2=NH at higher temperatures (Fig. 7.17).46

THERMAL DECOMPOSITION OF BENZOXAZINES Thermal decomposition of benzoxazines
does not occur substantially until the temperature reaches ∼160◦C. This begins
with proton transfer from a phenolic hydroxyl group to a nitrogen. Cleavage of
the C−O bond with water generates a tertiary hydroxymethylamine, which can
eliminate formaldehyde, then CH2=NH, to form methylene linkages (Fig. 7.18a).
Alternatively, C−N bond cleavage in the benzoxazine leads to the elimination
of a benzoquinone methide, which can react with phenols to primarily yield
the product methylene-bridged species (Fig. 7.18b).45 Further decomposition of
benzoxazines can also lead to a variety of side products in small amounts.

REACTIONS OF BENZOXAZINES WITH PHENOLS In the presence of 2,4-xylenol, ben-
zoxazine intermediates react at lower temperatures (∼90◦C) to form hydroxy-
benzylamines (Fig. 7.19), which can then decompose to ortho–ortho methylene
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Figure 7.17 Thermal decomposition of hydroxybenzylamine.

linkages (as described in Fig. 7.17).46 The reaction between benzoxazine and free
ortho reactive positions on 2,4-xylenol occurs via electrophilic aromatic substitu-
tion facilitated by hydrogen bonding between benzoxazine oxygen and phenolic
hydroxyl groups (Fig. 7.19).

The reaction of benzoxazine in the presence of 2,6-xylenol does not occur until
∼135◦C, presumably because the hydrogen-bonded intermediate depicted for the
2,4-xylenol reaction (Fig. 7.19) cannot occur. All three types of linkages are
obtained in this case. Para–para methylene-linked 2,6-xylenol dimers, obtained
from the reaction of 2,6-xylenol with formaldehyde, formed in the decomposi-
tion of the benzoxazine (or with other by-products of that process) dominate.
Possible side products from benzoxazine decomposition include formaldehyde
and CH2=NH, either of which may provide the source of methylene linkages.
The amount of ortho–para linkages formed by reaction of 2,6-xylenol with ben-
zoxazine is low. Ortho–ortho methylene-linked products presumably form by a
decomposition pathway from benzoxazine (as in Fig. 7.18).

HMTA CROSSLINKING REACTIONS OF NOVOLACS CONTAINING BOTH ORTHO AND PARA REAC-

TIVE SITES When both ortho and para positions on novolac materials are available
for reaction with HMTA, ortho–ortho, ortho–para, and para–para methylene
linkages form through several pathways. This section will address crosslink-
ing reaction pathways in which components that have been eliminated as “by-
products” reenter the reactions. In particular, reactions of quinone methides,
formaldehyde, and imine will be discussed. We will also describe exchange
reactions between hydroxybenzylamine intermediates with phenolic methylol
derivatives which lead to methylene-bridged final products. Exchange reactions
between two different hydroxybenzylamine intermediates, which lead to primarily
ortho–ortho-linked products, are also important.

In one model reaction where tris(para-hydroxybenzyl)amine was heated to
205◦C in the presence of 2,4-xylenol (1 : 1 ratio), the ortho–ortho, ortho–para,



O
N

H

O
−

+

O
N

O
H

N

O
H

O
H

C
H

2

O
H

N
H

O
H

O
H

O
H

O
H

−C
H

2
N

H

H
2C

O

O
H

+

N
H

O

−H
C

H
O

H
2O

( a
) ( b

)

F
ig

ur
e

7.
18

T
he

rm
al

de
co

m
po

si
tio

n
of

be
nz

ox
az

in
e.

394



NOVOLAC RESINS 395

O

H

O N

OH

NOH

OHHO

Figure 7.19 Reaction of benzoxazines and 2,4-xylenol.

and para–para methylene bridge ratios in the products were found to be 44, 14,
and 38%, respectively (Fig. 7.20).48 This model study demonstrated the impor-
tance of benzoquinone methide intermediates in the formation of various products
in the novolac–HMTA curing reaction. Formaldehyde, CH2=NH, and water lib-
erated during the cure reaction also affect the reaction pathways (pathways 3,
4, and 5). Approximately 4% of 1,2-bis(para-hydroxyphenyl)ethane was also
observed, presumably formed through dimerization of two quinone methides.

Para–para methylene linkages appeared first via hydroxybenzylamine decom-
position at lower temperatures (pathway 1 in Fig. 7.20). Ortho–para methylene
linkages also formed at the lower reaction temperatures (pathway 2). Since the
only source of an ortho methylene-linked phenol product was the 2,4-xylenol start-
ing material, these mixed products must have formed by the reaction of 2,4-xylenol
with either a para-hydroxybenzylamine or with a quinone methide eliminated in
pathway 1. Ortho–para methylene linkages also formed at higher reaction temper-
atures, which were attributed to exchange reactions between a methylol derivative
of 2,4-xylenol and a hydroxybenzylamine (pathway 3). Ortho–ortho methylene
linkages formed only at higher temperatures via hydroxybenzylamine exchange
and methylol dimerization reactions described in pathways 4 and 5. The reac-
tions depicted in pathway 4 involved sequential exchanges between para- and
ortho-substituted intermediates through nucleophilic substitutions on hydroxyben-
zylamines. Since the amount of ortho–para-linked products was low, it was sug-
gested that the major product of pathway 4 was the ortho–ortho linkage. This is
reasonable since the equilibrium of these exchange reactions lies toward ortho-
hydroxybenzylamines where hydrogen bonding provides stability. These more
thermally stable hydroxybenzylamines then decompose at higher temperatures to
form ortho–ortho linkages.

Small amounts of various phenolic side products that incorporate groups such
as imines, amides, ethers, and ethanes into the networks also form. A number of
these side products undergo further reactions which eventually lead to methylene
linkages. Some side products generally remain in the networks even after heating
at 205◦C.
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Lim et al. also investigated HMTA–phenolic reactions with somewhat larger
model compounds (e.g., two- and four-ring compounds) and established that
similar reaction pathways to those described previously occurred.50 For these
model compounds (as opposed to one-ring model compounds), which are more
representative of typical oligomeric systems, increased molecular weight favored
the formation of hydroxybenzylamines but not benzoxazines. This was suggested
to be a steric effect.

Other crosslinking agents that provide sources of formaldehyde for methylene
linkages include paraformaldehyde and trioxane, but these have only achieved lim-
ited importance.Quantitative 13Csolid-stateNMRandFTRamanspectroscopywere
used to monitor the cure reactions of a high-ortho novolac resin using paraformalde-
hyde under different conditions.31 The weight percent paraformaldehyde needed
to achieve the maximum crosslinking (1.5 mol formaldehyde/mol phenol) for the
particular novolac examined (Mn = 430 g/mol determined via 13C NMR) was cal-
culated to be 17.76 wt %. Eleven weight percent formaldehyde was used in these
studies so that phenol sites were in excess. The degree of conversion was assessed
by comparing the formaldehyde-to-phenol ratio in the polymer to 1.18. As expected,
higher temperatures and/or pressures lead to higher reaction conversions. However,
none of these reaction conversions reached 100%, and this was attributed to a lack
of mobility.

7.4 RESOLE RESINS AND NETWORKS

7.4.1 Resole Resin Syntheses

Resoles are prepared under alkaline conditions using an excess of formaldehyde
over phenol (1 : 1 to 3 : 1) at typical temperatures of 60–80◦C. The basic cat-
alysts commonly used are NaOH, Na2CO3, KOH, K2CO3, Ba(OH)2, R4NOH,
NH3, RNH2, and R2NH.4 In aqueous solutions, ammonia and HMTA are easily
hydrolyzed to amines and also catalyze resole syntheses. Typical resole resins
comprise a mixture of monomers, dimers, trimers, and small amounts of higher
molecular weight oligomers with multiple methylol functional groups.

Resole syntheses entail substitution of formaldehyde (or formaldehyde deriva-
tives) on phenolic ortho and para positions followed by methylol condensation
reactions which form dimers and oligomers. Under basic conditions, pheno-
late rings are the reactive species for electrophilic aromatic substitution reac-
tions. A simplified mechanism is generally used to depict the formaldehyde
substitution on the phenol rings (Fig. 7.21). It should be noted that this mecha-
nism does not account for pH effects, the type of catalyst, or the formation of
hemiformals. Mixtures of mono-, di-, and trihydroxymethyl-substituted phenols
are produced.

Phenol reacts with formaldehyde in either the ortho or the para position to form
monohydroxymethyl-substituted phenols, which further react with formaldehyde
to form di- and trihydroxymethyl-substituted phenols (Fig. 7.22).



RESOLE RESINS AND NETWORKS 399

OH

+ −OH

O− O O

−

−

+ H2O

O

−

+ CH2 O

O

CH2O−

H

O−

CH2OH

O

−

+ CH2 O

O O−

CH2OHH
CH2OH

Figure 7.21 Mechanism of resole synthesis.
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Figure 7.22 Reaction pathways for phenol–formaldehyde reactions under alkaline
conditions.

Condensation reactions between two hydroxymethyl substituents eliminate
water to form ether linkages (Fig. 7.23a) or eliminate both water and formalde-
hyde to form methylene linkages (Fig. 7.23b). Ether formation is favored under
neutral or acidic conditions and up to ∼130◦C above which formaldehyde departs
and methylene linkages are generated. The methylene linkage formation reac-
tion, which eliminates water and formaldehyde, is more prevalent under basic
conditions. Condensation reactions between hydroxymethyl groups and reactive
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Figure 7.23 Condensation of hydroxymethyl groups.

ortho or para ring positions also lead to methylene bridges between pheno-
lic rings (Fig. 7.23c). Relative reactivities of hydroxymethyl-substituted phenols
with formaldehyde and with other hydroxymethyl-substituted phenols appear to
be strongly dependent on interactions between ortho-methylol groups and the
phenolic hydroxyl position. Hydroxymethyl condensation reactions under basic
conditions strongly favor the formation of para–para and ortho–para methylene
linkages.

Quinone methides are the key intermediates in both resole resin syntheses and
crosslinking reactions. They form by the dehydration of hydroxymethylphenols
or dimethylether linkages (Fig. 7.24). Resonance forms for quinone methides
include both quinoid and benzoid structures (Fig. 7.25). The oligomerization or
crosslinking reaction proceeds by nucleophilic attack on the quinone methide
carbon.

The ortho-quinone methides are difficult to isolate due to their high reactivity,
which leads to rapid Diels-Alder dimerization or trimerization (Fig. 7.26). At
150◦C, a partial retro-Diels-Alder reaction of the trimer can occur to form ortho-
quinone methide and bis(2-hydroxy-3,5-dimethylphenyl) ethane (dimer).51

Base-catalyzed phenol–formaldehyde reactions exhibit second-order kinetics
[Eq. (5)]. Several alkylphenols such as cresols also follow this rate equation:

Rate = k[phenolate][formaldehyde] (7.5)
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Figure 7.24 Dehydration of methylols or benzylic ethers to form quinone methides.
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Figure 7.25 Resonance of quinone methides.
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Figure 7.26 Dimer and trimer structures of ortho-quinone methides.

The rate constants for various hydroxymethylation steps (Fig. 7.22) have been
evaluated by several groups (Table 7.5)52 – 54 and more recently by Grenier-Lous-
talot et al.56

Some consensus observations for reactions conducted at 30◦C indicate that the
para reactive site on phenol is slightly more reactive than ortho reactive sites due
to higher electron density on the para position. In addition, ortho-hydroxymethyl
substituents significantly activate the rings toward further electrophilic addition
of formaldehyde. This is especially pronounced for 2,6-dihydroxymethylphenols.
The ortho-hydroxymethyl substituents are proposed to stabilize the quinoid res-
onance form via hydrogen bonding between the phenolic hydroxyl and ortho-
hydroxymethyl groups in basic aqueous media (Fig. 7.27). This intramolecular
stabilization activates the para position by intensifying electron density on the
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TABLE 7.5 Relative Positional Reaction Rates in Base-Catalyzed
Phenol–Formaldehyde Reaction

Relative Reaction Rates

Reference 52 Reference 53 Reference 54

Phenol → 2-hydroxymethylphenol 1.00 1.00 1.00
Phenol → 4-hydroxymethylphenol 1.18 1.09 1.46
2-Hydroxymethylphenol →

2,6-dihydroxymethylphenol
1.66 1.98 1.75

2-Hydroxymethylphenol →
2,4-dihydroxymethylphenol

1.39 1.80 3.05

4-Hydroxymethylphenol →
2,4-dihydroxymethylphenol

0.71 0.79 0.85

2,4-Dihydroxymethylphenol →
2,4,6-trihydroxymethylphenol

1.73 1.67 2.04

2,6-Dihydroxymethylphenol →
2,4,6-trihydroxymethylphenol

7.94 3.33 4.36

OHO−OH O
H

O
H

O

−

Figure 7.27 Quinoid resonance forms activating the para ring position.

para carbon. This reasoning, however, does not explain the reduced reactivity
reported for 2,4-dihydroxymethylphenol.

More recently, the reaction advancement of resole syntheses (pH = 8 and
60◦C) was monitored using high-performance liquid chromatography (HPLC),
13C NMR, and chemical assays.55,56 The disappearance of phenol and the appear-
ances of various hydroxymethyl-substituted phenolic monomers and dimers have
been measured. By assessing the residual monomer as a function of reaction time,
this work also demonstrated the unusually high reactivity of 2,6-dihydroxymethyl-
phenol. The rate constants for phenolic monomers toward formaldehyde substi-
tution have been measured (Table 7.6).

As the reactions proceed, the disappearance of phenol is delayed due to com-
petition for reaction with formaldehyde between phenol and the faster reacting
hydroxymethyl-substituted phenols. Competition also exists between formalde-
hyde substitution reactions and condensation reactions between rings. Condensation
reactions between two ortho-hydroxymethyl substituents are the least favorable
condensation pathway. Depending on the reaction conditions, substitutions occur
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TABLE 7.6 Second-Order Rate Constants for
Reaction of Phenolic Monomers with Formaldehydea

Compound k (mol−1·h−1)× 102

Phenol 5.1
2-Hydroxymethylphenol 9.9
4-Hydroxymethylphenol 10.7
2,4-Dihydroxymethylphenol 8.6
2,6-Dihydroxymethylphenol 13.0

aFrom Ref. 56.

predominately in the earlier stages of reaction, and condensations become the major
reactions in later stages.55

As described previously, condensation reactions of hydroxymethyl substituents
strongly favor the formation of para–para and ortho–para linkages.57 – 59 Vari-
ous hydroxymethyl-substituted phenolic monomers were heated in the absence
of formaldehyde (60◦C, pH = 8.0) to investigate condensation reactions under
typical resole synthesis conditions but without formaldehyde substitution.58 Only
methylene linkages were observed under the basic experimental conditions. High-
ly substituted dimers were predominant in the product mixture since monomers
with more hydroxymethyl substituents had higher probabilities for condensation.
The ortho-hydroxymethyl groups only condensed with substituents in the para
position, and therefore no ortho–ortho methylene linkages were observed. The
para-hydroxymethyl substituents, on the other hand, reacted with either ortho-
or para-hydroxymethyl substituents or reactive ring positions, but preferentially
with para-hydroxymethyl groups. Carbon-13 and 1H NMR monitoring conden-
sation reactions of resole resins comprised of two to five phenolic units showed
that, with the exception of one trimer containing a dimethylene ether linkage,
only para–para and ortho–para methylene linkages formed.

Upon further reaction, especially at higher temperatures (70–100◦C), hydrox-
ymethylated compounds reacted to form almost exclusively para–para and ortho–
para methylene linkages. Since the key intermediates for the condensation of
hydroxymethylphenols are quinone methides, the formation of para–para and
ortho–para methylene linkages is attributed to the exclusive formation of para-
quinone methide intermediates (Fig. 7.28).5 This is attributed to intramolecular
hydrogen bonding of both ortho-hydroxymethyl substituents with the quinone
methide oxygen, which lead to stable para-quinone methide structures. The para-
quinone methide intermediates then react with ortho or para reactive positions to
form ortho–para and para–para methylene linkages or the quinone methide reacts
with hydroxymethyl groups to form ethers, which further advance to methy-
lene linkages.

The mechanisms for model condensation reactions of para-hydroxymethyl-
substituted phenol (and therefore para-quinone methide) with reactive ortho posi-
tions are described in Fig. 7.29. The phenolate derivatives react with para-quinone
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Figure 7.28 Preferential formation of para-quinone methides.
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Figure 7.29 Reactions of a quinone methide with a hydroxymethyl-substituted phenolate.

methide via a Michael-type addition to form methylene linkages (Fig. 7.29a).
Hydroxyl groups on methylol can also attack methide carbons to form dibenzyl
ether linkages which subsequently eliminate formaldehyde to form methylene
links (Fig. 7.29b). An ipso substitution in which a nucleophilic ring carbon having
a hydroxymethyl substituent attacks a quinone methide has also been postulated
to generate methylene linkages (Fig. 7.29c).

The reaction conditions, formaldehyde-to-phenol ratios, and concentration and
type of catalyst govern the mechanisms and kinetics of resole syntheses. Higher
formaldehyde-to-phenol ratios accelerate the reaction rates. This is to be expected
since phenol–formaldehyde reactions follow second-order kinetics. Increased
hydroxymethyl substitution on phenols due to higher formaldehyde compositions
also leads to more condensation products.55

The amount of catalyst and pH of the reaction determine the extent of pheno-
late formation. Phenol–formaldehyde mixtures (F/P = 1.5, 60◦C) did not react
at pH = 5.5 and reaction rate increased as the pH was increased to about 9.25.55
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There was a linear relationship between the rate constant and the [NaOH]–[phe-
nol] ratio (pH between 5.5 and 9.25). It was suggested that a limiting pH of
approximately 9 exists, above which an increase in pH does not enhance the rate
of reaction due to saturation of phenolate anions. Considerable Canizarro side
reactions occurred on formaldehyde at pH > 10.55,60

The type of catalyst influences the rate and reaction mechanism. Reactions cat-
alyzed with both monovalent and divalent metal hydroxides, KOH, NaOH, LiOH
and Ba(OH)2, Ca(OH)2, and Mg(OH)2, showed that both valence and ionic radius
of hydrated cations affect the formation rate and final concentrations of various
reaction intermediates and products.61 For the same valence, a linear relationship
was observed between the formaldehyde disappearance rate and ionic radius of
hydrated cations where larger cation radii gave rise to higher rate constants. In
addition, irrespective of the ionic radii, divalent cations lead to faster formalde-
hyde disappearance rates than monovalent cations. For the proposed mechanism
where an intermediate chelate participates in the reaction (Fig. 7.30), an increase
in positive charge density in smaller cations was suggested to improve the stabil-
ity of the chelate complex and, therefore, decrease the rate of the reaction. The
radii and valence also affect the formation and disappearance of various hydrox-
ymethylated phenolic compounds which dictate the composition of final products.

Tetraalkylammonium hydroxides have slightly lower catalytic activities than
NaOH in resole syntheses. Increased alkyl length on tetraalkylammonium ions
(larger ionic radii) decreased the catalytic activity. Contrary to the chelating
effect, the reduced activity observed with tetraalkylammonium hydroxides was
attributed to the screening effects of alkyl groups. Water solubility was limited to
resole resins prepared with tetramethylammonium hydroxide and tetraethylam-
monium hydroxide. These catalysts also give rise to resins with longer gelation
times.

Resole syntheses catalyzed with various amounts of triethylamine (pH adjusted
to 8 using NaOH) and at various pH (8.0, 8.23, and 8.36) were monitored.62 As

O− +Na

+ CH2 O
O

CH2
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O
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Figure 7.30 Mechanism of phenol and formaldehyde reaction using base catalyst invol-
ving the formation of chelate.
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expected, shorter condensation times, faster reaction rates, and higher advance-
ment in polymerizations were reached with increased catalyst concentrations. The
pH, on the other hand, did not affect these parameters significantly. The reaction
mechanisms differed when NaOH was used to adjust the pH since the hydroxide
formed phenolate ions which favored para addition reactions. In the absence of
NaOH, free phenolic hydroxyl groups formed complexes with triethylamine to
promote ortho substitution.

7.4.2 Crosslinking Reactions of Resole Resins

Resole resins are generally crosslinked under neutral conditions between 130
and 200◦C or in the presence of an acid catalyst such as hydrochloric acid,
phosphoric acid, p-toluenesulfonic acid, and phenolsulfonic acid under ambi-
ent conditions.3 The mechanisms for crosslinking under acidic conditions are
similar to acid-catalyzed novolac formation. Quinone methides are the key reac-
tion intermediates. Further condensation reactions in resole resin syntheses under
basic conditions at elevated temperatures also lead to crosslinking.

The self-condensation of ortho-hydroxymethyl substituents and the condensa-
tion between this substituent with ortho or para reactive sites were investigated
under neutral conditions.51 2-Hydroxymethyl-4,6-dimethylphenol was reacted
(1) alone, (2) in the presence of 2,4-xylenol, and (3) in the presence of 2,6-
xylenol. The rates of methylene versus dimethylether formation between rings
at 120◦C were monitored as a function of time and the percent yields after 5 h
were recorded (Table 7.7). The ether linkage was more prevalent in the self-
condensation of 2-hydroxymethyl-4,6-dimethylphenol. Possibly the 5% methyl-
ene-bridged product formed via the ipso substitution of an ortho-quinone methide
electrophile onto the methylene position of another ring. Essentially no differ-
ences in product composition were observed between the 2-hydroxymethyl-4,6-
dimethylphenol self-condensation and reaction of this compound in the presence
of 2,6-xylenol. The formation of methylene linkages proceeded much more favor-
ably in the presence of 2,4-xylenol. Moreover, increases in 2,4-xylenol concen-
trations further increased the methylene linkage yield. This suggests vacant ortho

TABLE 7.7 Percent Yield of Methylene and Ether
Linkages of 2-Hydroxylmethyl-4,6-Dimethylphenol
Self-reaction, 1 : 1 with 2,4-Xylenol, and 1 : 1 with
2,6-Xylenol

Percent Yield

Methylene Ether

Self-reaction 5 80
With 2,4-xylenol 38 65
With 2,6-xylenol 5 80
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OHOH OHOH

Figure 7.31 Ethane and ethene linkages derived from quinone methide structures.

positions are significantly more reactive than para reactive sites in reactions with
ortho-quinone methide. These model reactions provide further evidence support-
ing quinone methides as the key reactive intermediates.

In addition to methylene and dimethylether linkages, cured networks contain
ethane and ethene linkages (Fig. 7.31). These side products are proposed to form
through quinone methide intermediates.

Crosslinking resoles in the presence of sodium carbonate or potassium carbon-
ate lead to preferential formation of ortho–ortho methylene linkages.63 Resole
networks crosslinked under basic conditions showed that crosslink density dep-
ends on the degree of hydroxymethyl substitution, which is affected by the
formaldehyde-to-phenol ratio, the reaction time, and the type and concentra-
tion of catalyst (uncatalyzed, with 2% NaOH, with 5% NaOH).64 As expected,
NaOH accelerated the rates of both hydroxymethyl substitution and methylene
ether formation. Significant rate increases were observed for ortho substitutions
as the amount of NaOH increased. The para substitution, which does not occur
in the absence of the catalyst, formed only in small amounts in the presence
of NaOH.

7.4.3 Resole Characterization

A number of analytical techniques such as FTIR spectroscopy,65,66 13C NMR,67,68

solid-state 13C NMR,69 GPC or size exclusion chromatography (SEC),67 – 72

HPLC,73 mass spectrometric analysis,74 differential scanning calorimetry
(DSC),67,75,76 and dynamic mechanical analysis (DMA)77,78 have been utilized
to characterize resole syntheses and crosslinking reactions. Packed-column
supercritical fluid chromatography with a negative-ion atmospheric pressure
chemical ionization mass spectrometric detector has also been used to separate
and characterize resoles resins.79 This section provides some examples of how
these techniques are used in practical applications.

Using FTIR spectroscopy, resole resin formation and cure reactions can be
examined (Table 7.8). FTIR can be used to monitor the appearance and dis-
appearance of hydroxymethyl groups and/or methylene ether linkages, ortho
reactive groups, and para reactive groups for resole resin syntheses. Other use-
ful information deduced from FTIR are the type of hydrogen bonding, that is,
intra- versus intermolecular, the amount of free phenol present in the product,
and the formaldehyde–phenol molar ratio. FTIR bands and patterns for vari-
ous mono-, di-, and trisubstituted phenols have been identified using a series of
model compounds.
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TABLE 7.8 FTIR Absorption Band Assignment of Resole Resins

Wave Number
(cm−1) Assignment Nature

3350 v(CH) Phenolic and methylol
3060 v(CH) Aromatic
3020 v(CH) Aromatic
2930 vip(CH2) Aliphatic
2860 vop(CH2) Aliphatic
1610 v(C=C) Benzene ring
1500 v(C=C) Benzene ring
1470 d(CH2) Aliphatic
1450 v(C=C) Benzene ring
1370 dip(OH) Phenolic
1240 vip(C−O) Phenolic
1160 dip (CH) Aromatic
1100 dip(CH) Aromatic
1010 v(C−O) Methylol

880 dop(CH) Isolated H
820 dop(CH) Adjacent 2H, para substituted
790 dop(CH) Adjacent 3H
760 dop(CH) Adjacent 4H, ortho substituted
690 dop(CH) Adjacent 5H, phenol

aFrom ref. 65. Abbreviations: v = stretching, d = deformation, ip = in plane, op = out of plane.

The kinetics of resole cure reactions monitored via FTIR suggest that a dif-
fusion mechanism dominates below 140◦C. The cure above 140◦C exhibits a
homogeneous first-order reaction rate. The activation energy of the cure reaction
was ∼49.6 kJ/mole.66

Carbon-13 NMR has proven to be an extremely powerful technique for both
monitoring the phenolic resin synthesis and determining the product compositions
and structures. Insoluble resole networks can be examined using solid-state 13C
NMR which characterizes substitutions on ortho and para positions, the formation
and disappearance of hydroxymethyl groups, and the formation of para–para
methylene linkages. Analyses using 13C NMR have shown good agreement with
those obtained from FTIR.64

Various ionization methods were used to bombard phenol–formaldehyde oligo-
mers in mass spectroscopic analysis. The molecular weights of resole resins
were calculated using field desorption mass spectroscopy of acetyl-derivatized
samples.74 Phenol acetylation was used to enable quantitative characterization
of all molecular fractions by increasing the molecular weights in incre-
ments of 42.
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Dynamic DSC scans of resole resins show two distinguishable reaction peaks,
which correspond to formaldehyde addition and the formation of ether and methy-
lene bridges characterized by different activation energies. Kinetic parameters
calculated using a regression analysis show good agreement with experimental
values.75

DMA was used to determine the cure times and the onset of vitrification in
resole cure reactions.77 The time at which two tangents to the storage modulus
curve intersect (near the final storage modulus plateau) was suggested to cor-
respond to the cure times. In addition, the time to reach the peak of the tan δ
curve was suggested to correspond to the vitrification point. As expected, higher
cure temperatures reduced the cure times. DMA was also used to measure the
degree of cure achieved by resole resins subsequent to their exposure to com-
binations of reaction time, temperature, and humidity.78 The ultimate moduli
increased with longer reaction times and lower initial moisture contents. The
area under the tan δ curves during isothermal experiments was suggested to be
inversely proportional to the degree of cure developed in samples prior to the
measurement.

A NaOH-catalyzed resole resin, acetylated or treated with an ion exchange
resin (neutralized and free of sodium), was analyzed using GPC in tetrahydro-
furan (THF) solvent.80 The molecular weight of the ion-exchange-treated resin,
calculated by GPC using polystyrene standards, was significantly lower than that
estimated for the acetylated resin. The molecular weight for the ion-exchange-
treated resin calculated by 1H NMR and vapor pressure osmometry (VPO) agreed
with the results from GPC. The higher molecular weight observed for the acety-
lated resin was attributed to higher hydrodynamic volume and/or intermolecular
association in acetylated samples.

7.4.4 Resole Network Properties

Voids in resole networks detract from the mechanical properties. Irrespective
of the curing conditions, all resole networks contain a significant amount of
voids due to volatiles released during the cure reactions. The catalyst concen-
tration in resole crosslinking reactions can lead to different pore microstruc-
tures, which influence the mechanical properties.81 Resole networks cured using
p-toluenesulfonic acid between 40 and 80◦C showed that increased catalyst con-
centrations led to reduced average void diameters. Higher cure temperatures also
resulted in reduced void diameters, although the effect was not as substantial.
The same study showed that while the catalyst concentration did not affect the
network Tgs, higher cure and postcure temperatures increased Tgs and reduced
fracture strains.

In another exemplary study, optical microscopy revealed that the void con-
tent of resole networks ranged from 0.13 to 0.21.82 Resole networks prepared
from different F/P molar ratios showed comparable void size distributions. A
bimodal distribution was observed for all networks, which was attributed to
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thermodynamic phase separation of reaction volatiles (free phenol, formaldehyde,
and water) and reaction kinetics.

The glass transition temperatures were determined from the peaks of tan δ
curves measured using dynamic mechanical analysis for a series of resole net-
works (prepared with F/P molar ratios ranging from 1 to 2.5).82 Networks obtained
from resoles with high F/P molar ratios (>1.2) had fairly consistent Tgs (between
240 and 260◦C). The lowest Tg (190◦C) was observed for networks prepared with
low hydroxymethyl-substituted resoles (F/P = 1), and this was attributed to the
low network crosslink densities at this ratio. The highest Tg occurred at F/P = 1.2
(∼280◦C), but it superimposed the degradation temperatures. The width of the
tan δ curves was used to assess the distributions of chain length as well as the
crosslink densities. Networks cured with resoles having F/P ratios of 1.3 and 1.4
exhibited the highest Tgs and therefore the highest crosslink densities.

7.4.5 Modified Phenol–Formaldehyde Resins

Phenol, formaldehyde, and urea have been copolymerized to achieve resins and
subsequent networks with improved flame retardance and lower cost relative to
phenol–formaldehyde analogues. The condensation of a phenolic methylol group
with urea (Fig. 7.32) is believed to be the primary reaction under the weakly
acidic conditions normally used.

Resins were prepared by cocondensing low-molecular-weight hydroxymethyl-
substituted resoles with urea. The rate of the urea–methylol reaction was greatly
enhanced by increased acidity in the reaction medium.83 The para-methylol
groups reacted faster than the ortho-methylol groups (presumably due to hydro-
gen-bonded ortho-methylol groups with phenol). The extent of urea incorpo-
ration depended on the F/P ratio and the resole–urea concentration. Increased
urea incorporation ensued at higher urea concentrations and/or in the presence
of highly hydroxymethylated resole resins (prepared from larger F/P ratios).
Since the reactions were conducted under acidic conditions, the condensation
of methylol and urea competes with methylol self-condensation. Increased urea
compositions suppress the self-condensation reactions.

The curing process of trihydroxymethylphenol reacted with urea was moni-
tored using torsional braid analysis.84 Curing proceeded in two stages where the
first stage occurred at lower temperatures and was attributed to the reaction of
para-hydroxymethyl and urea groups. The second stage was due to the higher
temperature reaction of ortho-hydroxymethyl and urea groups.

OH

CH2OH

+ H2N C
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Figure 7.32 Reaction of hydroxymethylphenol and urea.
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Figure 7.33 Reaction of hydroxymethylphenol and melamine.

Condensation reactions of hydroxymethyl groups on phenolic resoles and
amines on melamine take place between pH 5 and 6 (Fig. 7.33). Only self-
condensations of hydroxymethyl substituents occur under strongly acidic or basic
conditions.

7.5 EPOXY–PHENOLIC NETWORKS

Void-free phenolic networks can be prepared by crosslinking novolacs with
epoxies instead of HMTA. A variety of difunctional and multifunctional epoxy
reagents can be used to generate networks with excellent dielectric properties.2

One example of epoxy reagents used in this manner is the epoxidized novolac
(Fig. 7.34) derived from the reaction of novolac oligomers with an excess of
epichlorohydrin.

7.5.1 Mechanism of Epoxy–Phenolic Reaction

The reactions between phenolic hydroxyl groups and epoxides have been cat-
alyzed by a variety of acid and base catalysts, group 5a compounds, and quater-
nary ammonium complexes,85 although they are typically catalyzed by tertiary
amines or phosphines, with triphenylphosphine being the most commonly used
reagent. The reaction mechanism (Fig. 7.35) involves triphenylphosphine attack-
ing an epoxide, which results in ring opening and produces a zwitterion. Rapid
proton transfer occurs from the phenolic hydroxyl group to the zwitterion to form
a phenoxide anion and a secondary alcohol. The phenoxide anion subsequently
reacts with either an electrophilic carbon next to the phosphorus regenerating the

OH

CH2 + Cl CH2 CH CH2

O

O

CH2

CH2 CH

O

CH2

Figure 7.34 Reaction of phenol and epichlorohydrin to form epoxidized novolacs.



412 CHEMISTRY AND PROPERTIES OF PHENOLIC RESINS AND NETWORKS

PPh3 + R
O

OH + RPh3P+

O−

O− + RPh3P+

OH

O− + R
O (b)

(a)

RPh3P+

O−

O− + RPh3P+

OH

O R

OH

+ PPh3

O R

O−

Figure 7.35 Mechanism for triphenylphosphine-catalyzed phenol–epoxy reaction.

triphenylphosphine (Fig. 7.35a)86 or it can ring-open an epoxy followed by pro-
ton transfer from another phenol to regenerate the phenoxide anion (Fig. 7.35b).
The phenolate anion is the reactive species for the crosslinking reaction.

Melt reaction mechanisms of tertiary aliphatic amine catalyzed phenolic–epo-
xy reactions were proposed to begin with a trialkylamine abstracting a phenolic
hydroxyl proton to form an ion pair (Fig. 7.36). The ion pair was suggested to
complex with an epoxy ring, which then dissociated to form a β-hydroxyether
and a regenerated trialkylamine.87

Side reactions involving branching through a secondary hydroxyl group can
also occur. The extent of these side reactions should decrease as the ratio of epoxy
to phenol decreases since phenolate anions are significantly more nucleophilic
than aliphatic hydroxyl groups.
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O− +NHR3 R
O

O−R
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Figure 7.36 Proposed mechanism for tertiary amine–catalyzed phenol–epoxy reaction.
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7.5.2 Epoxy–Phenolic Reaction Kinetics

A review of epoxy–novolac reaction mechanisms and kinetics is provided by
Biernath et al.85 Depending on the structures of the novolac and the epoxy,
reactions have been reported to proceed through an nth-order mechanism or an
autocatalytic mechanism.88 – 92

Biernath et al. concluded that phenolic novolac and epoxidized cresol novolac
cure reactions using triphenylphosphine as the catalyst had a short initiation
period wherein the concentration of phenolate ion increased, followed by a
(steady-state) propagation regime where the number of reactive phenolate species
was constant.85 The epoxy ring opening was reportedly first order in the “steady-
state” regime.

7.5.3 Epoxy–Phenol Network Properties

Void-free phenolic–epoxy networks prepared from an excess of phenolic novolac
resins and various diepoxides have been investigated by Tyberg et al. (Fig.
7.37).93 – 95 The novolacs and diepoxides were cured at approximately 200◦C
in the presence of triphenylphosphine and other phosphine derivatives. Net-
work densities were controlled by stoichiometric offsets between phenol and
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HO

HO

Crosslinked networks
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Figure 7.37 Network formation of phenolic novolac and epoxy.
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epoxide groups. These networks contained high phenolic concentrations (up to
∼80 wt %) to retain the high flame retardance of the phenolic materials while
the mechanical properties were tailored by controlling the crosslink densities and
molecular structures.

Network structure–property relationships and flame properties were deter-
mined for a novolac cured with various diepoxides (Fig. 7.38) at defined com-
positions. The fracture toughness of the networks, determined by the plane
strain–stress intensity factors (KIC), increased with increased stoichiometric off-
set to a maximum of approximately 1.0 MPa·m1/2 for the 5 phenol/1 epoxy
equivalence ratio (Table 7.9). All novolac–epoxy networks were significantly
tougher than a thermally cured resole network (0.16 MPa·m1/2). Further stoi-
chiometric offset (to 7/1) reduced the fracture toughness. This was undoubtedly
related to the increase in dangling ends and unconnected phenolic chains at these
very high phenol-to-epoxy ratios. Likewise, as expected, glass transition tem-
peratures of fully cured networks decreased as the distances between crosslinks
(Mc) increased.

The flame retardance was measured using a cone calorimeter with a heat flux
of 50 kW/m2 and 20.95 mol % O2 content (atmospheric oxygen). All pheno-
lic novolac–epoxy networks with relatively high novolac compositions showed
much lower peak heat release rates (PHRRs) than a typical amine-cured epoxy
network (bisphenol-A epoxy stoichiometrically cured with p,p′-diaminodiphenyl-
sulfone) (Table 7.10). Brominated epoxy reagents were also investigated since
halogenated materials are well known for their roles in promoting flame retar-
dance. Networks cured with the brominated diepoxide showed the lowest peak
heat release rates, but the char yields of these networks were lower and the smoke
toxicity (CO yield/CO2 yield) was increased. Incorporating siloxane moieties into
networks reduced the peak heat release rates and smoke toxicities compared to
the novolac networks cured with bisphenol-A diepoxides.

A biphenyl diglycidyl ether based epoxy resin was crosslinked with amine-
curing agents (4,4′-diaminodiphenylmethane and aniline novolac) and phenol-
curing agents (phenol novolac and catechol novolac), and the thermomechanical
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Figure 7.38 Epoxy structures: (1) bisphenol-A-based epoxy, (2) brominated bisphenol-
A-based epoxy, and (3) siloxane epoxy.
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TABLE 7.9 Tg and KIC of Phenolic Novolac–Epoxy Networks

Epoxy
Phenol–Epoxy

(wt/wt)
Phenol–Epoxy

(mol/mol) Tg

KIC

(MPa·m1/2)
Mc

(g/mol)

Bisphenol-A epoxy
cured with
4,4′-DDS

— — 127 0.62 —

Phenolic control
(thermally cured
resole)

— — — 0.16 —

Bisphenol-A 80/20 7 : 1 114 070 4539
— 5 : 1 110 1.02 —

65/35 3 : 1 127 0.85 1413
50/50 2 : 1 151 0.64 643

Brominated
bisphenol-A

65/35 5.8 : 1 130 0.74 3511

50/50 3.1 : 1 148 0.84 1554

Disiloxane epoxy 80/20 7.2 : 1 96 0.62 4051
65/35 3 : 1 87 0.77 1030

TABLE 7.10 Flame Retardance of Networks Prepared from Phenolic Novolac
Crosslinked with Various Epoxies

Epoxy
Phenolic–Epoxy

(wt/wt)
PHRR

(KW/m2)
Char Yield

(%)

Smoke
Toxicitya

(×10−3)

Bisphenol-A epoxy cured with
4,4′-DDS

— 1230 5 44

Phenolic control (thermally
cured resole)

— 116 63 —

Bisphenol-A 80/20 260 33 27
65/35 360 29 34
50/50 380 23 36

Brominated bisphenol-A 65/35 165 8 189
50/50 158 9 175

Disiloxane epoxy 80/20 226 35 15
65/35 325 24 27

aCO/CO2 release.

properties were investigated.96 The presence of a distinct Tg when phenols were
used to cure biphenyl-based diepoxide depended on the phenolic structure. Where-
as a distinct Tg was evident in the phenolic-novolac-cured systems, no definite Tgs
were observed when catechol novolac was used. The higher moduli shown by the



416 CHEMISTRY AND PROPERTIES OF PHENOLIC RESINS AND NETWORKS

catechol-novolac-cured networks were attributed to the orientation of mesogenic
biphenyl groups which suppressed micro-Brownian chain motions.

Network properties and microscopic structures of various epoxy resins cross-
linked by phenolic novolacs were investigated by Suzuki et al.97 Positron anni-
hilation spectroscopy (PAS) was utilized to characterize intermolecular spacing
of networks and the results were compared to bulk polymer properties. The life-
times (τ3) and intensities (I3) of the active species (positronium ions) correspond
to volume and number of “holes” which constitute the free volume in the network.
Networks cured with flexible epoxies had more holes throughout the temperature
range, and the space increased with temperature increases. Glass transition tem-
peratures and thermal expansion coefficients (α) were calculated from plots of
τ3 versus temperature. The Tgs and thermal expansion coefficients obtained from
PAS were lower than those obtained from thermomechanical analysis. These dif-
ferences were attributed to micro-Brownian motions determined by PAS versus
macroscopic polymer properties determined by thermomechanical analysis.

7.6 BENZOXAZINES

Benzoxazines are heterocyclic compounds obtained from reaction of phenols,
primary amines, and formaldehyde.98,99 As described previously, they are key
reaction intermediates in the HMTA–novolac cure reaction.40,43 Crosslinking
benzoxazine monomers at high temperatures gives rise to void-free networks
with high Tgs, excellent heat resistance, good flame retardance, and low smoke
toxicity.100 As in HMTA-cured novolac networks, further structural rearrange-
ment may occur at higher temperatures.

A difunctional bisphenol-A-based benzoxazine has been synthesized and char-
acterized by GPC and 1H NMR (Fig. 7.39). A small of amount of dimers and
oligomers also formed. Thermal crosslinking of bisphenol-A benzoxazine con-
taining dimers and oligomers resulted in networks with relatively high Tgs.
Dynamic mechanical analysis of the network showed a peak of tan δ at approxi-
mately 185◦C.

The kinetics of bisphenol-A benzoxazine crosslinking reactions was studied
using DSC.100 The activation energy, estimated from plots of conversion as a
function of time for different isothermal cure temperatures, was between 102 and
116 kJ/mole. Phenolic compounds with free ortho positions were suggested to
initiate the benzoxazine reaction (Fig. 7.40).101 Fast reactions between benzox-
azines and free ortho phenolic positions, which formed hydroxybenzylamines,
were facilitated by hydrogen bonding between the phenol hydroxyl and benzox-
azine oxygen (as shown in Fig. 7.19). Subsequent thermal decompositions of
these less stable hydroxybenzylamines led to more rapid thermal crosslinking (as
described for the HMTA–novolac cure).

The reaction of bisphenol-A benzoxazine under strong and weak acidic con-
ditions was also investigated.102 The proposed mechanism for the benzoxazine
ring-opening reaction in the presence of a weak acid involves an initial tau-
tomerization between the benzoxazine ring and chain forms. In an electrophilic
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Figure 7.39 Synthesis of bisphenol-A-based benzoxazines.
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Figure 7.40 Reaction of benzoxazines with free ortho positions on phenolic compounds.

aromatic substitution reaction between a phenolic ring position and the chain tau-
tomer, an iminium ion was suggested to follow. Strongly acidic conditions, high
temperatures, and the presence of water lead to various side reactions, including
benzoxazine hydrolysis in a reverse Mannich reaction. Side reactions could also
terminate the reaction or lead to crosslinking.

The oxazine ring in benzoxazine assumes a distorted semichair conforma-
tion.103 The ring strain and the strong basicity of the nitrogen and oxygen
allow benzoxazines to undergo cationic ring-opening reactions. A number of
catalysts and/or initiators such as PCl5, PCl3, POCl3, TiCl4, AlCl3, and MeOTf
are effective in promoting benzoxazine polymerization at moderate temperatures
(20–50◦C).104 Dynamic DSC studies revealed multiple exotherms in polymer-
ization of benzoxazine, indicating a complex reaction mechanism.
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7.7 PHENOLIC CYANATE RESINS

Novolac hydroxyl groups reacted with cyanogen bromide under basic conditions
to produce cyanate ester resins (Fig. 7.41).105,106 Cyanate esters can thermally
crosslink to form void-free networks, wherein at least some triazine rings form.
The resultant networks possess high Tgs, high char yields at 900◦C, and high
decomposition temperatures.105

Novolac resins containing cardanol moieties have also been converted to
cyanate ester resins.107 The thermal stability and char yields, however, were
reduced when cardanol was incorporated into the networks.

7.8 THERMAL AND THERMO-OXIDATIVE DEGRADATION

Phenolic networks are well known for their excellent thermal and thermo-oxida-
tive stabilities. The mechanisms for high-temperature phenolic degradation in-
clude dehydration, thermal crosslinking, and oxidation, which eventually lead
to char.

Thermal degradation below 300◦C in inert atmospheres produces only small
amounts of gaseous products. These are mostly unreacted monomers or water,
which are by-products eliminated from condensation reactions between hydrox-
ymethyl groups and reactive ortho or para positions on phenolic rings. A small
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Figure 7.41 Synthesis of phenolic triazine resins.
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amount of oxidation may occur in air as some carbonyl peaks have been observed
using 13C NMR.108

Degradation in inert atmospheres between 300 and 600◦C results in porous
materials. Little shrinkage has been observed in this temperature range. Water,
carbon monoxide, carbon dioxide, formaldehyde, methane, phenol, cresols, and
xylenols are released. According to various thermogravimetric analyses, the wei-
ght loss rate reaches a maximum during this temperature range. The elimination
of water at this stage may also be caused by the phenolic hydroxyl condensations
which give rise to biphenyl ether linkages (Fig. 7.42).

Morterra and Low109,110 proposed that thermal crosslinking may occur between
300◦C and 500◦C where phenolic hydroxyl groups react with methylene linkages
to eliminate water (Fig. 7.43). Evidence for this mechanism is provided by IR
spectra which show decreased OH stretches and bending absorptions as well
as increased complexity of the aliphatic CH stretch patterns in this tempera-
ture range.

At elevated temperatures, methylene carbons cleave from aromatic rings to
form radicals (Fig. 7.44). Further fragmentation decomposes xylenol to cresols
and methane (Fig. 7.44a). Alternatively, auto-oxidation occurs (Fig. 7.44b). Alde-
hydes and ketones are intermediates before decarboxylation or decarbonylation
takes place to generate cresols and carbon dioxide. These oxidative reactions
are possible even in inert atmospheres due to the presence of hydroxyl radicals
and water.5

Oxidative degradation begins at lower temperatures in air (<300◦C) and oxi-
dation occurs most readily on benzylic methylene carbons since they are the most

OH   +   HO
−H2O

O

Figure 7.42 Dehydration of hydroxyl groups.
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Figure 7.43 Thermal crosslinking of phenolic hydroxyl and methylene linkages.
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Figure 7.44 Thermal bond rupture: (a) fragmentation reaction. (b) oxidation degra-
dation.

vulnerable sites. This leads to dihydroxybenzohydrole and dihydroxybenzophe-
none derivatives (Fig. 7.45). Dihydroxybenzophenone may cleave and further
oxidize to carboxylic acid before decomposing to form cresols, xylenols, CO,
and CO2.

Hydroxyl elimination is necessary for the formation of benzaldehyde and
benzoic acid derivatives and, ultimately, benzene and toluene (Fig. 7.46).2 It
is proposed that a cleavage between the hydroxyl group and aromatic ring leads
to benzenoid species which undergo further cleavage coupled with oxidation to
give various decomposition products.

Oxidative branching and crosslinking are the prevalent degradation pathways
in air (Fig. 7.47). Phenoxy radicals are formed via hydrogen abstraction. These
relatively stable intermediates can couple with each other and, depending on
carbon–carbon or carbon–oxygen coupling, form ether linkages or ketones.
Diphenolquinones derived from carbon–carbon dimerization further oxidize.2

Upon further heating above 600◦C, the density increases as shrinkage occurs
at a high rate. High-temperature degradation monitored via gas chromatography
indicated that the formation of carbon char parallels carbon monoxide evolution.
Along with the same by-products released at lower temperatures, pyrolysis gas
chromatography/mass spectrometry (GC/MS) identified the formation of other
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Figure 7.45 Oxidation degradation on methylene carbon.

low-volatility compounds, including naphthalene, methylnaphthalenes, biphenyl,
dibenzofuran, fluorene, phenanthrene, and anthracene. These products may result
from condensation of hydroxyl groups of adjacent ortho–ortho-linked phenolic
rings111 (Fig. 7.48).

The reaction sequence for char formation was also proposed to occur through
the initial formation of quinone-type linkages, which lead to polycyclic products5

(Fig. 7.49). The quinone functionalities were confirmed through IR studies. NMR
spectra showed that at 400◦C almost all methylene linkages and carbonyl groups
shift or disappear. Mostly aromatic species are present. This is consistent with
the proposed char-forming mechanism but is also compatible with the formation
of biphenyls through direct elimination of CO.108

Conley showed that the primary degradation route for resole networks is oxi-
dation regardless of the atmosphere.6 By contrast, Morterra and Low found that
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auto-oxidation was not the major degradation pathway for novolac resins.109 The
degradation is proposed to occur in two stages depending on the temperature.
Fragmentation of the polymer chain, beginning at approximately 350◦C, does not
affect the polymer integrity. Above 500◦C the network collapses as polyaromatic
domains form.

Novolac network degradation mechanisms vary from those of resole networks
due to differences in crosslinking methods. Nitrogen-containing linkages must
also be considered when HMTA (or other crosslinking agent) was used to cure
novolac networks. For example, tribenzylamines, formed in HMTA-cured novolac
networks, decompose to cresols and azomethines (Fig. 7.50).
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Figure 7.50 Decomposition of tribenzylamine.
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Jha et al.112 studied novolacs and networks which had been slowly heated
in an inert atmosphere. Between 100 and 350◦C, 1–2 wt % of water and phe-
nol evolved. Above that temperature, small quantities of CO, CO2, CH4, and
low-molecular-weight aromatics evolved, leaving behind 75–85% by weight of
polymer. The degradation of these preexposed networks were then studied at
temperatures up to ∼700◦C in both air and nitrogen. The rate of weight loss
in air suggested that degradation under these conditions is a multistage process.
Evidence suggested that this multistage thermo-oxidative process was due to two
types of linking units present, which pyrolyzed at 375–400 and 500–550◦C,
respectively. By contrast, the degradation process in nitrogen was a single-stage
process. Both processes formed a char representing 90–95% by weight of the
preexposed materials. As expected, lower weight loss occurred with increased
levels of the HMTA crosslinking reagent introduced into the network.

Oxygen indices of a series of phenolic networks (i.e., heat-cured resoles and
novolacs cured with formaldehyde, trioxane, or terephthaloyl chloride) were
investigated.113 It has been previously shown that oxygen indices (OIs) correlate
linearly with char yields at 800◦C in nitrogen except for cases involving gas-phase
retardants such as halogenated aromatic materials. The meta- and para-cresol
formaldehyde networks exhibited slightly lower OI values than unsubstituted
phenolics, presumably due to the presence of flammable methyl substituents.
The halogenated phenolics showed higher OI values but lower char yields since
halogenated materials undergo a gas-phase retardation of burning and the heavy
halogen substituents convert to gaseous products. The crosslinking agent also has
an affect on OI. Networks with methylene linkages derived from formaldehyde
crosslinking reagents gave rise to higher OI values than those with ester link-
ages derived from terephthaloyl chloride. The formaldehyde-cured novolacs also
showed higher OI than trioxane-cured materials since less stable ether linkages
were formed in the trioxane crosslinked systems.

The effects of novolac structures and levels of crosslink densities on thermal
stabilities were also investigated.114 Three types of novolacs were prepared by
reacting phenol with formaldehyde, meta-cresol with formaldehyde, and para-
cresol with formaldehyde in a formaldehyde–phenol molar ratio of 0.95. Lightly
crosslinked networks were obtained when the trifunctional phenol or meta-cresol
was used. As expected, para-cresol novolac was linear. The thermal degradation
behavior for the lightly crosslinked networks, the para-cresol novolac, as well
as typical novolac resins were examined. Under inert atmosphere, thermogravi-
metric results revealed that the crosslinked samples had lower decomposition
temperatures but the char yields were significantly higher. The greater stabil-
ities exhibited at higher temperatures (500◦C +) for the crosslinked materials
were attributed to lesser fragmentation and, therefore, lower volatiles. In air,
the crosslinked materials were less stable throughout the whole temperature
range with complete degradation occurring 50◦C below the low-molecular-weight
resins. It was suggested that the crosslinked materials may be less susceptible
to oxidation and, therefore, unable to form more thermally stable intermedi-
ates. Comparatively, the phenol–formaldehyde resin showed the highest thermal
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and thermal oxidative stability, followed by the meta-cresol–formaldehyde resin.
The para-cresol–formaldehyde showed the least stability. Since the reactivity of
starting phenolic monomer was different, novolac oligomers prepared via the
same approach resulted in different structures. The results obtained in this study
therefore could not be compared quantitatively.

A low-molecular-weight para-cresol novolac resin (Mn∼560) showed a high
crystalline ratio according to X-ray diffraction.115 No weight loss was observed
below 400◦C. However, the morphology changed to a semicrystalline state after
repeat heating–cooling cycles.
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7.9 APPENDIX

The procedures which follow were adapted from Polymer Synthesis, 2nd ed.,
Vol. II, by S. R. Sandler and W. Karo, Academic, New York, 1992.

7.9.1 Preparations of Phenol–Formaldehyde Resole Resins

7.9.1.1 Method A

Eight hundred grams (8.5 mol) of phenol, 80.0 g water, 940.5 g 37 wt % aque-
ous formaldehyde (11.6 mol), and 40 g of barium hydroxide octahydrate were
charged to a resin kettle. The reaction mixture was maintained at 70◦C for 2 h
with stirring; then sufficient oxalic acid was added to bring the pH to 6–7. The
resinous material was partially condensed by removing water at 30–50 mm Hg
at a temperature no higher that 70◦C. Samples (1–2 mL) were withdrawn every
15 min to check the extent of condensation. The endpoint was taken when a
sample of resin placed on a hot plate at 160◦C gelled in less than 10 s or when
the cooled resin was brittle and “nontacky” at room temperature. The resin at this
point was termed an A-stage resole. Further heating converts this into a B-stage
and finally to a C-stage resin.

7.9.1.2 Method B

Forty-seven grams (0.5 mol) of phenol, 80 mL of 37 wt % aqueous formaldehyde
(1.0 mol), and 100 mol of 4 N NaOH were charged to a flask equipped with
a reflux condenser and mechanical stirrer. The reaction mixture was stirred at
room temperature for 16 h, then heated on a steam bath for 1 h. The mixture
was cooled and the pH adjusted to 7.0. The aqueous layer was decanted from the
viscous brown liquid product, the wet organic phase was taken up in 500 mL of
acetone and dried over anhydrous MgSO4, then over molecular sieves. The dried
acetone product solution was filtered and evaporated to yield a water-free light
brown syrup.

7.9.2 Preparation of Phenol–Formaldehyde Novolac Resin

Twenty-four hundred grams (25.6 mol) of phenol, 1645 g of 37 wt % formalde-
hyde (20.3 mol), and 30 g (0.33 mol) of oxalic acid were charged to a 5-L,
three-necked resin kettle. The mixture was stirred and refluxed until the distillate
was free of formaldehyde (1–3 h); then water was distilled from the mixture
until the resin temperature reached 154◦C. The viscosity of the resin at this point
at 150◦C was such that 105 s was required for flow in an inclined plate test.
The pressure was slowly reduced while a slow current of nitrogen was bubbled
through the resin, and the mixture was heated to 175◦C at 6 mm Hg. Approxi-
mately 6 wt % phenol was recovered; then the resin was poured into an aluminum
dish and cooled. The resin had a melt viscosity of 510 s at 150◦C.



8 Nontraditional Step-Growth
Polymerization: ADMET

A. Cameron Church, Jason A. Smith, James H. Pawlow, and
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University of Florida Gainesville, Florida 32611

8.1 INTRODUCTION

Olefin metathesis, an expression coined by Calderon in 1967,1 has been accu-
rately described in Ivin and Mol’s seminal text Olefin Metathesis and Metathesis
Polymerization as “the (apparent) interchange of carbon atoms between a pair
of double bonds” (ref. 2, p. 1). This remarkable conversion can be divided into
three types of reactions, as illustrated in Fig. 8.1. These reactions have been
used extensively in the synthesis of a broad range of both macromolecules and
small molecules3; this chapter focuses on acyclic diene metathesis (ADMET)
polymerization as a versatile route for the production of a wide range of func-
tionalized polymers.

8.1.1 Historical Perspective

The history of metathesis chemistry dates back over 50 years4 to the development
of Ziegler–Natta-type transition metal catalysts for olefin polymerization in the
late 1940s.5 While olefin exchange reactions were observed by several research
groups using such catalysts, the exact nature of the active catalyst species and
mechanism were not understood at the time. Most early metathesis catalyst sys-
tems, similar to either Phillips-type (supported metal oxides at high temperatures)
or Ziegler–Natta-type (metal halide–alkyl aluminum mixtures at low tempera-
tures) catalysts for the polymerization of α-olefins and ethylene involves the in
situ formation of the catalyst. Such nebulous, multicomponent systems are com-
plicated and, as a result, difficult to study and understand. Only after detailed
labeling studies by Natta and co-workers was it conclusively proven that, in
metathesis, the olefin double bond is cleaved and reassembled by the active
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Figure 8.1 Three types of metathesis reactions.

catalyst.6 The mechanism of such cleavage remained unknown until Herrison
and Chauvin solved it in 1970.1e They proposed that the metathesis reaction
involves a metallacyclobutane ring intermediate, which is formed by the interac-
tion of a metal carbene with an olefin. This is the key step in metathesis chemistry
and is common to all metathesis reactions. Although this intermediate was ques-
tioned initially, the scientific community now universally accepts its presence in
the mechanism.

8.1.2 Metathesis Catalysts

The discovery and preparation of organometallic carbene complexes in 1964 not
only provided a vital clue for the determination of the metathesis mechanism,
but also has subsequently led to the deliberate design of improved, later gen-
eration catalysts. We present here a brief overview of several catalytic systems
used for metathesis polymerization, in particular ADMET polymerization. The
most important catalysts (determined by usage and numbers of publications) are
based on 10 elements in the transition metal series of the periodic table: Mo, W,
Ru, Re, V, Zr, Cr, Co, Rh, and Tc. It is uncommon to observe metathesis activ-
ity with non–transition metal elements. It was not until 1963 that Natta et al.6

were able to prepare high-molecular-weight polymers via ring opening metathesis
polymerization (ROMP) of the strained cyclic olefin cyclopentene (7), producing
poly(l-pentenylene) (8) (Fig. 8.2).

n

7 8

Figure 8.2 Natta et al.’s ROMP polymerization of cyclopentene.
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Even more challenging was the synthesis of step-growth polymers using
acyclic dienes, since high conversions (>99%) are mandatory for high-molecular-
weight polymers to be produced.3 Initially, attempts to prepare such polymers
failed, and research into this area became quite limited. It was not until 1990, fol-
lowing the discovery of active, acid-free, single-site tungsten-based alkylidenes
by Schrock’s group,7 that Wagener and co-workers were able to successfully
perform the ADMET reaction using 1,9-decadiene (9) as the monomer, produc-
ing poly(l-octenylene) (10) (Fig. 8.3).8 We now know that three catalyst systems
are viable in ADMET polymerization: “classical” catalysts (11),2 Schrock-type
alkylidenes (14),7 and Grubbs-type carbenes (12, 13).9,10 Each catalyst type has
advantages and limitations, and the choice of catalyst is dependent on the nature
of the diene to be polymerized (e.g., monomer functionalities present and phys-
ical properties of the polymer formed). Classical catalysts (11) are, in reality,
ill-defined catalytic mixtures containing two or more components in which the
active species (alkylidene) is generated in situ.2 Typically, a classical catalyst
is composed of an early transition metal halide such as WCl6 reacted with an
alkylating agent or activator, such as Bu4Sn or EtAlCl2. Such catalysts are rather
effective under certain conditions, such as high temperatures (100◦C), and pro-
ceed with reasonable rates. A practical disadvantage to such catalytic mixtures
is their ill-defined nature; the active species often cannot be isolated or in some
cases identified even by spectroscopic means. Consequently, catalyst concentra-
tion cannot be easily quantified and monitored in the course of a reaction.

These limitations were overcome with the introduction of the well-defined,
single-component tungsten and molybdenum (14) alkylidenes in 1990. (Fig. 8.4).7

Schrock’s discovery revolutionized the metathesis field and vastly increased
the utility of this reaction. The Schrock alkylidenes are particularly reactive
species, have no side reactions, and are quite effective as polymerization cat-
alysts for both ROMP and ADMET. Due to the oxophilicity of molybdenum,
these alkylidenes are moisture and air sensitive, so all reactions using these cat-
alysts must be performed under anaerobic conditions, requiring Schlenk and/or
glovebox techniques.

Grubbs-type carbenes (12, 13) based on the late transition metal ruthenium are
more tolerant to air, moisture, and most functional groups.9 The original Grubbs
carbene (12) is slower compared to Schrock’s [Mo] catalyst (14). A significant
improvement to [Ru] carbene catalysts was discovered in 1999 by Herrmann, with
the introduction of the N -heterocyclic carbene ligand.11 Similar catalysts using
this type of ligand, such as 13,10 have enabled the [Ru] catalysts to match or

[W]
+

n

[W] = W(=CHCMe3)(=NC6H3-i-Pr2-2,6)[(OCMe(CF3)2]2

9 10

Figure 8.3 Wagener’s ADMET of 1,9-decadiene using Schrock’s [W ] catalyst.
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exceed the reaction rate of the Schrock alkylidenes, at least in several ADMET
and ROMP reactions. This enhancement, when combined with the functional
group tolerance of these carbenes, has led to its increased use in organic synthesis,
particularly in ring-closing metathesis (RCM).10

8.1.3 Requirements for ADMET Polymerization

ADMET of α,ω-dienes has been a focus of research in the Wagener laboratories
for many years now, where we have studied this chemistry to explore its viability
in synthesizing polymers possessing both precisely designed microstructures as
well as a variety of functionalities. The requirements for this reaction, such as
steric and electronic factors, functionalities allowed, appropriate choice of cata-
lyst, and necessary length or structure of the diene, have been examined.3,12 – 14

A detailed discussion will be presented later in this chapter with a brief synopsis
of general rules for successful ADMET polymerization presented here.

Like most polycondensation reactions, ADMET is most effective under bulk
(neat) reaction conditions with the monomer itself acting as both reactant and
solvent. Doing so maximizes the monomer concentration and promotes a shift
in the reaction equilibrium toward unsaturated polymer formation. Similar to
polycondensation reactions, ADMET is typically performed under reduced pres-
sure (<10−2 mmHg) to remove the ethylene by-product. This irreversibly shifts
the monomer/polymer equilibrium toward polymer formation, promoting faster
monomer conversion and raising the molecular weight of the product. ADMET
is a true step-growth polymerization reaction exhibiting typical kinetic behavior
and molecular weight distribution (Mw/Mn

∼= 2.0) commonly observed for this
class of polymerization.12 In order to suppress monomer cyclization via the RCM
route (cyclization is common in polycondensation chemistry), the α,ω-diene usu-
ally consists of a chain of 10 atoms or greater to favor ADMET polymerization.
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Shorter chain dienes have an increased propensity to form stable five-, six-,
and seven-membered rings. This thermodynamically controlled phenomenon is
known as the Thorpe–Ingold effect.15 Since ADMET polymerization is per-
formed over extended time periods under equilibrium conditions, it is ultimately
thermodynamics rather than kinetics that determine the choice between a selected
diene monomer undergoing either polycondensation or cyclization.

8.1.4 Applications

ADMET is quite possibly the most flexible transition-metal-catalyzed polymer-
ization route known to date. With the introduction of new, functionality-tolerant
robust catalysts, the primary limitation of this chemistry involves the synthesis
and cost of the diene monomer that is used. ADMET gives the chemist a pow-
erful tool for the synthesis of polymers not easily accessible via other means,
and in this chapter, we designate the key elements of ADMET. We detail the
synthetic techniques required to perform this reaction and discuss the wide range
of properties observed from the variety of polymers that can be synthesized.
For example, branched and functionalized polymers produced by this route pro-
vide excellent models (after quantitative hydrogenation) for the study of many
large-volume commercial copolymers, and the synthesis of reactive carbosilane
polymers provides a flexible route to solvent-resistant elastomers with variable
properties. Telechelic oligomers can also be made which offer an excellent means
for polymer modification or incorporation into block copolymers. All of these
examples illustrate the versatility of ADMET.

8.2 OVERVIEW OF CHEMISTRY AND ANALYTICAL TECHNIQUES

8.2.1 Chemistry and Catalysis

8.2.1.1 Brief History

As mentioned earlier, the chemistry and mechanism surrounding the olefin meta-
thesis reaction (Fig. 8.1) have been a point of intense interest since its discovery
over 50 years ago.1,2 In the late 1980s, research by the Wagener group demon-
strated approaches to meet the stringent requirements of step polymerization.13

Defining the opportunity has been the direct result of revolutionary develop-
ments of single-site metathesis catalysts described earlier, and subsequently a
series of high-molecular-weight polymers possessing various functionalities have
been made by ADMET (Fig. 8.5).14

At this point it is appropriate to discuss the mechanism for ADMET, because
ADMET polymerization is more involved than its chain polymerization coun-
terpart — ROMP. Figure 8.6 illustrates the accepted mechanistic pathway which
leads to productive metathesis polymerization, as first described by Wagener
et al.14a A general model reaction between an α,ω-diene with a metal alkylidene
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Figure 8.5 Sample of polymers produced by ADMET in Wagener group.

initiator is presented here for simplicity, and upon examination of this polymer-
ization cycle, several interesting features become apparent. Since each and every
reaction step in this cycle is in equilibrium, the ultimate driving force of the
polymerization is the removal of a small olefinic species, typically ethylene, in
the case of terminal dienes. Therefore, ADMET is an equilibrium, step-growth
condensation-type polymerization (generally known as polycondensation) that
displays typical molecular weight distributions (∼2.0) and kinetics for this type
of polymerization.12

The distinguishing features of this reaction mechanism are the following:

1. Ethylene is produced as the small molecule, which upon removal drives
the reaction forward.

2. The ADMET cycle involves the formation of two metallacyclobutane inter-
mediates [D, F], whereas the ROMP mechanism contains only one.

3. The methylidene complex [E] is the true catalyst, which as far as we can tell
has the shortest half-life, and its reaction with an olefin produces ethylene
as a by-product.

4. A second metallacyclobutane [F] is formed via the reassociation of terminal
olefin from discrete oligomers (or monomer) with the active methylidene,
produced in [E] (see above).
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Figure 8.6 General acyclic diene metathesis catalytic cycle.

5. Upon collapse of this metallacyclobutane [F], ethylene is driven off and
an intermediate alkylidene is formed which bears the growing polymer
chain [C].

6. The cycle is then repeated numerous times, generating a high molecular
weight polymer.

As is the case for other polycondensation reactions, internal interchange reac-
tions are possible for ADMET, similar to that of polyesters and polyamides.16

Interchange reactions involve a catalyst molecule on a polymer chain end react-
ing with an internal double bond in another polymer chain. The result is two
new polymer chains; however, no change in the molecular weight distribution
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is observed from that expected for a random polymerization. The distribution
observed is the Flory, or most probable, distribution.

Another factor in step-growth polymerizations is cyclization versus linear
polymerization.15,16 Since ADMET is a step-growth polymerization, most reac-
tions are carried out in the bulk using high concentrations of the reactant in
order to suppress most cyclic formation. A small percentage of cyclic species
is always present but is dependent upon thermodynamic factors, typical of any
polycondensation reaction.

8.2.1.2 Importance of Catalyst Selection

The obviation of side reactions is essential to the success of ADMET, and this
can be realized if the proper catalyst is chosen. Catalyst choice must avoid the
possibility of cation formation,13 vinyl addition, and/or formation of multiple
catalytic species, all of which are detrimental to clean metathesis chemistry.
Over the past 10 years, our group has utilized a variety of different catalysts,
several of which are illustrated in Fig. 8.4.

The two most commonly used single-site catalysts for ADMET today are (1)
Schrock’s alkylidene catalysts of the type M(CHR′)(NAr′)(OR)2 where M = W
or Mo, Ar′ = 2, 6-C6H3-i-Pr2, R′ = CMe2Ph, and R = CMe(CF3)2 (14)7 and
(2) Grubbs’ ruthenium-based catalyst, RuCl2(=CHPh)(PCy3)2 (12) where Cy =
cyclohexyl.9 While both catalysts meet the requirements to be successful in
ADMET, they are markedly different in their reactivity and in the results each
can produce.

Kinetic studies using 1,9-decadiene and 1,5-hexadiene in comparison with
catalyst 14 and catalyst 12 demonstrate an order-of-magnitude difference in their
rates of polymerization, with 14 being the faster of the two.12 Further, this study
shows that different products are produced when the two catalysts are reacted
with 1,5-hexadiene. Catalyst 14 generates principally linear polymer with the
small amount of cyclics normally observed in step condensation chemistry, while
12 produces only small amounts of linear oligomers with the major product
being cyclics such as 1,5-cyclooctadiene.12 Catalyst 12, a late transition metal
benzylidene (carbene), has vastly different steric and electronic factors compared
to catalyst 14, an early transition metal alkylidene. Since the results were observed
after extended reaction time periods and no catalyst quenching or kinetic product
isolation was performed, this anomaly is attributed to mechanistic differences
between these two catalysts under identical reaction conditions.

Another difference between these catalysts is found in their functional group
tolerance. Catalysts such as 12 are more robust to most functionalities (except
sulfur and phosphorus), moisture, oxygen, and impurities, enabling them to
easily polymerize dienes containing functional groups such as esters, alcohols,
and ketones.9 On the other hand, catalyst 14 is more tolerant of sulfur-based
functionalities.7 The researcher must choose the appropriate catalyst by consid-
ering the chemical interactions between monomer and catalyst as well as the
reaction conditions needed.
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8.2.2 Experimental Methods

The successful polymerization of α,ω-dienes via ADMET continually produces a
small molecule, typically ethylene, and the removal of this small molecule drives
the reaction. When Schrock’s [W] and [Mo] alkylidenes (14) are used, care has
to be taken in maintaining an inert atmosphere devoid of both moisture and air
in order to avoid decomposition of the catalyst. For this reason, Schlenk line
techniques such as those used to handle Ziegler–Natta or metallocene catalysts
and high purity monomers are important.

8.2.2.1 Discussion of General Glassware

A discussion of this polymerization method would not be complete without
mention of the development of specialized glassware utilized over the years.
It has evolved from very elaborate, sophisticated, and specially designed glass-
ware to fairly simple setups. Initially, elaborate break-seal technology was used
to complete the entire polymerization process,14a similar to anionic polymer-
ization methodology.17 Break-seal techniques were employed to fully under-
stand many monomer structure–reactivity relationships; these techniques are no
longer needed.

Today, the glassware required consists of either a round-bottom flask or a
Schlenk tube serving as the reaction chamber. This chamber is equipped with
a magnetic stirbar and a Teflon high-vacuum valve (or glass stopcock) which
provides for easy vacuum control after attachment to a vacuum line (Fig. 8.7).

Teflon high-vacuum
valve

Teflon stir-bar

(a) (b) (c )

To vacuum Stopper

Glass
stopcock

Dry ice/
isopropanol
bath

Figure 8.7 Second generation of ADMET polymerization glassware.
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Figure 8.7b illustrates the vessel used when the monomer is very volatile (high
vapor pressure). This design prevents low-boiling monomer from being lost under
reduced pressure conditions due to the presence of a cold finger/trap, which usu-
ally contains a cooling mixture of dry ice–isopropanol (−78◦C). This setup also
can be used when a monomer is a solid, and solvent must be added in small quan-
tities in order to facilitate the polymerization. In these cases, care must be taken to
utilize many intermittent vacuum cycles to ensure the formation of a viscous poly-
mer product before full vacuum (<10−2 mm Hg) is employed. Figures 8.7a, c

illustrate the glassware used when the monomer remains a stirrable, nonvolatile
liquid under normal vacuum conditions at room temperature.

8.2.2.2 Purification of Monomers, Reagents, and Solvents

Care must be taken in the preparation of any reagent or monomer that comes
in contact with the catalyst. All reagents and chemicals that are purchased
or that are synthesized must be of high purity (>99% is preferred). Typical
methods of monomer purification that have been used include recrystallization;
simple, vigreux, or spinning band distillation; flash chromatography; and high-
performance liquid chromatography (HPLC).18 If catalyst 14 is used, then care
must be taken to ensure absolute dryness and an oxygen-free atmosphere.
Monomers used for these reactions usually are further purified and degassed by
three freeze–pump–thaw cycles prior to polymerization. The N -heterocyclic-
carbene-ligated ruthenium catalyst (13) requires substantially less stringent
conditions.10

8.2.2.3 General Metathesis Polymerization Conditions

Usually ADMET polymerizations are conducted in the bulk state (neat) to maxi-
mize the molar concentration of the olefin, and so the examples discussed in this
chapter describe bulk polymerization conditions.

For a typical ADMET polymerization, all monomers, reagents, and solvents
are purified as described earlier and degassed. The glassware is dried in an oven
for at least 4 h and taken into an argon (or nitrogen) glovebox. The monomer
is placed in a tared reaction vessel, and then the appropriate catalyst is weighed
out. Typical monomer-to-catalyst ratios are on the order of 500–1000 : 1 (14),
100–500 : 1 (12), and 100–500 : 1 (13). The catalyst then is added to the
monomer in order to initiate the polymerization reaction, which is character-
ized by visible bubbling (evolution of ethylene). The reaction vessel is sealed off
to the atmosphere, removed from the glovebox, and immediately connected to
an evacuated vacuum line. Intermittent vacuum cycles are carried out until the
viscosity increases enough to hinder or completely stop stirring.

The temperature of the oil bath in the initial stages and throughout the course
of the polymerization is monomer and catalyst dependent. As a general rule, low-
boiling, volatile monomers are started at room temperature (20–25◦C), whereas
higher boiling substrates may be started at 30–40◦C. Polymerizations using cata-
lyst 14 should be started at lower temperatures (20–30◦C) compared to reactions
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with 12 (30–40◦C). This is primarily due to the possibility of decomposition when
using Schrock’s catalyst at higher temperatures, but it also takes into account the
differences in relative reactivity of the two catalysts (rate of polymerization:
Schrock’s [Mo] > Grubbs’ [Ru]). The best laboratory-scale ADMET reaction is
a slow and controlled one, progressively building up the molecular weight of the
product. Rapid reactions splatter monomer inside the flask, which can lead to
decreased conversion.

After several intermittent vacuum cycles, the reaction mixture becomes viscous
(bubbling of ethylene is less vigorous) and full, continuous vacuum (<10−2 mm
Hg) is then applied. The reaction temperature is slowly ramped to ultimately reach
temperatures of 50–55◦C when using 14, 60–70◦C for 12, and 70–90◦C for 13.
Once the evolution of ethylene is complete, the reaction vessel is cooled to room
temperature and the catalyst is quenched by exposure to the atmosphere, addition
of a terminating agent (benzaldehyde or ethyl vinyl ether), or the introduction
of nonpurified, laboratory-grade solvent (usually benzene, chloroform, toluene,
etc.). Polymers are isolated from the dissolved solution by precipitation into a
nonsolvent such as methanol, isopropanol, or hexanes. Successive reprecipitations
may be required to reduce the level of catalyst residue to acceptable levels.
Alternative methods have been developed for Grubbs’ catalyst removal using
chelating phosphines.19 Provided below are two examples of actual ADMET
polymerizations using either catalyst as a reference (Fig. 8.8).

8.2.2.4 ADMET Polymerization of 1,9-Decadiene (9)

The following steps are performed in an argon atmosphere glovebox. In a 50-mL
round-bottom flask equipped with a Teflon magnetic stirbar, 2.03 g (14.7 mmol)
of previously distilled and degassed 1,9-decadiene (9) (Aldrich) and 27.6 mg
(3.61 × 10−2 mmol) of Schrock’s catalyst (14) (400 : 1) are combined. In a mat-
ter of seconds, the catalyst is dissolved into the monomer and a vigorous evolution
of ethylene is observed. The flask is sealed with a Teflon vacuum adapter and
removed from the box. The polymerization vessel is immediately connected to the
vacuum line, placed into an oil bath, and stirred at 30◦C. Intermittent vacuum
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Figure 8.8 ADMET polymerization of (a) 1,9-decadiene and (b) 6-methyl-1,10-
undecadiene.
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cycles are performed until the evolution of ethylene slows and the increased
viscosity of the polymer solution makes stirring very difficult. At this point,
1,9-decadiene is exposed to full vacuum (<10−2 mmHg) after 1.5 h, and the
temperature is increased slowly up to 50◦C. After 3–5 days total reaction time,
the polymerization is cooled to room temperature and quenched by exposure to
air. The poly(l-octenylene) (10) is isolated in high yield (95%) by dissolving in
toluene and precipitating into methanol. The dissolved polymer may be purified
by flash chromatography through a short silica gel column in order to remove a
large portion of decomposed catalyst residue. However, trace amounts of residue
could still be present even after this procedure, which could lead to slight dis-
coloration of the polymer. After this procedure, the polymer is subsequently
characterized using typical analytical techniques (see Section 8.2.3).

8.2.2.5 ADMET Polymerization of 6-Methyl-1,10-Undecadiene (15)

In an argon atmosphere glovebox, 1.40 g (8.40 mmol) of distilled and degassed
6-methyl-1,10-undecadiene (15) and 28.0 mg (3.41 × 10−2 mmol) of Grubbs’
catalyst (12) (250 : 1) are combined in a 50-mL round-bottom flask equipped
with a Teflon magnetic stirbar.20 In a matter of seconds, the catalyst is dissolved
into the monomer and slow evolution of ethylene is observed. The flask is sealed
to the atmosphere, removed from the box, immediately connected to the vacuum
line, and placed in an oil bath with stirring at 40◦C. Intermittent vacuum cycles
are applied as described previously, and 6-methyl-1,10-undecadiene is exposed
to full vacuum (<10−2 mm Hg) after 4.5 h. The reaction is continued at these
conditions for 24 h. The polymerization temperature is then slowly increased
to 60◦C (over a period of 1–2 days) to facilitate stirring and reacted until stir-
ring ceases. After 3–5 days, the polymerization is cooled to room temperature
and quenched by exposure to air. The polymer (16) is subsequently purified and
characterized as described below.

8.2.3 Characterization of ADMET Polymers

ADMET polymers are easily characterized using common analysis techniques,
including nuclear magnetic resonance (1H and 13C NMR), infrared (IR) spec-
tra, elemental analysis, gel permeation chromatography (GPC), vapor pressure
osmometry (VPO), membrane osmometry (MO), thermal gravimetric analysis
(TGA), and differential scanning calorimetry (DSC). The preparation of poly(l-
octenylene) (10) via the metathesis of 1,9-decadiene (9) is an excellent model
polymerization to study ADMET, since the monomer is readily available and the
polymer is well known.21 The NMR characterization data (Fig. 8.9) for the hydro-
genated versions of poly(l-octenylene) illustrate the clean and selective nature
of ADMET.

These spectra not only confirm the primary structure of the repeat unit of the
polymer but also strongly suggest that no side reactions are detectable within
the limitations of the instrument. In the 13C NMR spectrum (vide infra) all res-
onances can be unequivocally assigned, demonstrating the clean nature of the
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Figure 8.9 (a) 200-MHz 1H NMR of linear poly(l-octenylene) produced by ADMET
polymerization of 1,9-decadiene. (b) 50-MHz 13C NMR of linear poly(octenamer) pro-
duced by ADMET polymerization of 1,9-decadiene. [Reproduced with permission from
Macromolecules, 24, 2649–2657 (1991). Copyright 1991, American Chemical Society.]

ADMET reaction. The 13C NMR spectrum also allows the scientist to distin-
guish between cis and trans internal sp2 carbons as well as the allylic carbons,
which are adjacent to the internal vinyl position. Using quantitative 13C NMR
analysis, the integration of the peak intensities between the allylic carbon reso-
nances and those of the internal vinyl carbons gives the percentage of trans/cis
stereochemistry that is present for the polymer.22 Empirically, the ratio of trans
to cis linkages in ADMET polymers has typically been found to be 80 : 20. Ele-
mental analysis results of polymers produced via ADMET demonstrate excellent
agreement between experimental and theoretical values.

Membrane osmometry, vapor pressure osmometry, gel permeation chromatog-
raphy, light scattering, and intrinsic viscosity measurements have been used to
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determine the molecular weight for a series of linear poly(l-octenylene) samples
made via ADMET and have been examined elsewhere.14a For simplicity, only the
example of GPC analysis is given here (Fig. 8.10). This GPC trace shows that
hydrogenation does little to effect the molecular weight distribution of poly(l-
octenylene). Further, it is important to note that the polydispersity index (Mw/Mn)
for polymers produced by ADMET typically approaches 2.0 (within the normal
range for step condensation chemistry), and characteristic molecular weights Mn

for ADMET polymers are in the range of 10,000–70,000.
Thermogravimetric analysis is used to determine the stability of a compound

to decomposition upon heating, and DSC is employed to measure glass tran-
sitions (amorphous domain), melting/recrystallization behavior (polymers with
crystalline domains), and the effects of thermal history or annealing in a polymer
sample. Figure 8.11 illustrates the dramatic effect that hydrogenation has on a
sample — the melting point is increased from 69 to 134◦C, a typical value for
high-density polyethylene. This is due to an increase in the crystallinity or order
in the hydrogenated version (linear polyethylene) compared to its unsaturated
parent. Additionally, the melting transitions for both the unsaturated and satu-
rated versions of the ADMET polymer of 1,9-decadiene (10) are rather sharp
and clean compared to polymers of a similar backbone in the literature, which
usually show broad melting curves that extend over a wide temperature range.
The sharpness of the melting transition is another characteristic that points to the
clean microstructures of polymers made using ADMET. In the next section we
examine the effect this precise control has on the structure–property relation-
ships. In particular, we will focus on polymers that model branching effects in
polyethylene.
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8.3 STRUCTURE–PROPERTY RELATIONSHIPS

8.3.1 General Considerations

What can ADMET offer in terms of tailoring the properties of a given polymer?
The answer lies in the clean chemistry of metathesis. If a metathesis active α,ω-
diene can be synthesized, then a known polymer can be produced. Few other
polymerization techniques are so versatile, yet so precise. In recent years, our
group has focused attention toward modeling polymers and copolymers made
from ethylene; in particular, we have been examining the effect of precise place-
ment of alkyl and polar branches sequentially along the backbone of polyethylene.

8.3.2 Influence of Precise Branching on Polymer Microstructure

Polyethylene’s simplicity of structure has made it one of the most thoroughly
studied polymeric materials. With an estimated demand of close to 109 billion
pounds in 2000 of the homopolymer and various copolymers of polyethylene,24

it is by far the world’s highest volume synthetic macromolecule. Therefore, it
is still pertinent to study its structure–property relationships, thermal behav-
ior, morphology, and effects of adding branches and functional groups to the
polymer backbone.
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Polyethylene is usually thought of as a linear, straight-chain macromolecule.
In reality, it is a hydrocarbon backbone with variable branching. Purely lin-
ear polyethylene has been produced by both the catalytic decomposition of
diazomethane25 and ADMET of 1,9-decadiene followed by hydrogenation.23

However, these are not the methods of choice to produce polyethylene industri-
ally. Polyethylene is commonly produced via chain propagation chemistry using
free-radical initiation,26 Ziegler–Natta catalysis,27 metallocene catalysis,28 and,
most recently, late transition metal single-site catalysts.29 Inevitably, chain trans-
fer occurs in all of these systems causing varying degrees of random branching.
This creates polyethylenes with ill-defined, randomly branched microstructures,
which have been used to an advantage industrially, creating a wider materi-
als response.

What is so important about branching in polyethylene, and why would scien-
tists like to study it or, better yet, control it? The extent of branching content in
polyethylene is dependent on many factors, such as the method of polymeriza-
tion and reaction temperature. The overall branch density may approach 15–30
branches per 500 mer units. Numerous studies using chain propagation chem-
istry have focused on delineating the effect of these irregularities in polyethylene
random copolymers30 with both alkyl31 and polar pendant groups.32 The studies
have produced a consensus that the melting point is decreased with increasing
frequency and steric bulk of the imperfections. Branching sequence distributions
also play a major role in the final material properties of the polymer. Copoly-
merization of ethylene with different comonomers (usually α-olefins) is the best
way to examine this phenomenon; however, due to differing reactivity ratios
between monomers, it is not trivial to prepare polymers with precise placement
of desired irregularity/branch point. In order to make a valid study of the exact
impact an individual branch has on polymeric materials response, it is necessary
to find a way to precisely place a pendant group into a set sequence length. Con-
sequently, strategically designed ethylene-based copolymers with highly defined
microstructures should prove extremely valuable as material models.

Ethylene copolymers with strict mer sequences (pendant group on every fifth
carbon) have previously been prepared using an indirect method, accomplished
by a perfectly alternating copolymerization of butadiene with vinyl monomers,
followed by hydrogenation.33 In order to further the understanding of the impact
of precise pendant group placement, we began to synthesize a number of similar
ethylene copolymers. Using ADMET, model branched polyethylenes with highly
defined microstructures were synthesized. Ethylene–functional olefin copolymers
with several commercially relevant substituents were also synthesized. This suc-
cess has allowed us to more precisely evaluate the change in materials response
caused by alkyl or polar functionalities.

By designing the repeat unit into the parent diene (containing either an alkyl
branch or functionality), only a single type of repeat unit is formed upon poly-
merization, giving pure polymer microstructures. To date, perfectly controlled
ADMET ethylene copolymers have included ethylene–CO,34 ethylene–vinyl
alcohol,35 ethylene–vinyl acetate,36 and ethylene–propylene.20 Figure 8.12
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Figure 8.12 Precise vs. random methyl placement in polyethylene. [Reproduced with
permission from Macromolecules, 33, 3781–3794 (2000). Copyright 2000, American
Chemical Society.]

illustrates a possible pictorial difference in the structure of an ethylene–propylene
copolymer produced via chain propagation (18) versus that of ADMET step con-
densation chemistry (17). The exact synthetic methodology to make the monomers
is provided in the references contained within this text. Performing ADMET
polymerization of the appropriate symmetrical α,ω-diene monomer with a cen-
tral pendant group yields unsaturated precursor model polymers. Subsequent
hydrogenation eliminates the last variable of the repeating structure, cis/trans
distribution of olefinic linkages, thereby perfecting the mer sequence between
branches in the polymer microstructure.

8.3.3 Thermal Behavior of Precisely Placed Branches
in ADMET Polymer Microstructures

The precise placement of methyl branches on every 9th, 11th, 15th, 19th, and
21st carbon atom has had a significant impact on the thermal properties of these
model polymers. Table 8.1 gives a numerical indication of how different the
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TABLE 8.1 Thermal Properties of Selected Polyethylenesa

Polyethylene Type
Mn

(103 g/mol)

Methyl
Branches per
1000 Carbon

Atoms
Tm

(◦C)
�hm

(J/g)

Theoretical PEb 24–114 0 141.5–146.5 293
ADMET PEc 2–15 0 131–134 204–252
Metallocene PEd 30–1500 0.9–1.2 137–140 —
HDPEe 50–250 1–6 133–138 219–245
Brookhart PEf 14–65 1.2–74 97–132 —
Ethylene/propylene

copolymersg

20–70 2–100 80–133 —

LDPEe 20–100 30–60 105–115 95–141
Methyl branched (MB)

ADMET PEh

8–72 48–111 −14–62 28–103

aFrom ref. 20. HDPE, LDPE = high- and low-density polyethylene.
bHoffman’s37 equilibrium values derived from an infinitely long PE chain.
cPE Produced by ADMET polycondensation.23

dSee ref. 38 for reviews on metallocene PE catalysis.
eFrom ref. 39.
f Brookhart’s29i new late transition metal systems using Pd and Ni.
gFrom ref. 31a.
hWork in this study PE model polymers made by ADMET with precise placement of methyl branches
along the backbone.

thermal properties for a number of polyethylenes can be. Why the differences?
The polymerization mechanism and conditions by which polyethylenes are made
will determine the amount and sometimes the identity of the branches that are
present. The polyethylenes listed here are given in descending order from theo-
retical polyethylene, with an infinitely long chain and no branches, to those with
varying degrees of branching. Contained herein are linear and branched ADMET
polyethylenes. What is interesting to notice here is the impact the frequency of
branch content has on the final melting point and heat of fusion of the final
polymer. The theoretical melting point for ideal linear polyethylene is 145.5◦C.
Apparently, when the branch content is increased, the melting point and heat of
fusion are subsequently decreased. All of the polyethylenes illustrated, except
for those produced via ADMET, are produced by chain propagation techniques
and have been studied extensively, with the exception of the polyethylenes syn-
thesized by Brookhart et al.29c,g – j The most important result to note for these
chain-made polymers is that as the methyl branch content increases, the melting
temperature is lowered, and the shape of the endotherm is broadened, often to a
point where no distinct melt can be observed.

This thermal behavior is completely opposite from the model polyethylenes
that we have synthesized via ADMET. All the endotherms for the methyl-
branched ADMET polyethylenes are sharp in comparison with their chain-made
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counterparts. Surprisingly lower melting temperature ranges for approximately
the same quantity of branching as that for the ethylene–propylene copolymers
and low-density polyethylene (LDPE) are also evident from this work. This may
be attributed to the model methyl-branched ADMET polyethylenes having dras-
tically different, controlled microstructures, containing precisely placed methyl
branches when compared to the chain propagation alternative — randomly placed
branches with differing branch identity.

DSC has been employed to examine the effect that exact placement of methyl
branches has on the thermal properties for a set of model ADMET polyethylenes.
For example, random copolymers of ethylene and propylene made using Ziegler–
Natta catalysis31a show endotherms with a very broad shouldered DSC curve
with indistinguishable melting points when the percentage of propylene is
greater than 15 mol %.31a,c However, the precisely placed methyl branches in the
ethylene–propylene copolymer made via ADMET produce both sharp melting
endotherms and recrystallization exotherms. This is evident in Fig. 8.13, which
illustrates a polymer possessing a methyl branch on every 21st carbon along
the backbone of polyethylene (48 methyls/1000 carbon atoms). All the methyl-
branched ADMET polyethylene model polymers exhibit similarly well-defined
exotherms and endotherm DSC traces.

As shown earlier, the melting point for perfectly linear ADMET polyethylene
(Table 8.1) approaches the range of melting point values exhibited by industrially
produced, highly linear polyethylenes.40 However, for ADMET polyethylene with
a methyl branch placed on every ninth carbon, the Tm is lowered significantly.
The melting point of −14◦C and enthalpy of 28 J/g is 150◦C and approximately
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Figure 8.13 DSC data for model polyethylene with a methyl group on every 21st carbon.
[Reproduced with permission from Macromolecules, 33, 3781–3794, 2000. Copyright
2000, American Chemical Society.]
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one order of magnitude lower than that of linear ADMET polyethylene. A dis-
tinct, sharp melting point for all of the methyl-branched polymers is found,
particularly for the sample with a methyl branch placed on every ninth carbon
(111 methyls/1000 carbon atoms). Further, model studies using chain techniques
have shown that a completely amorphous polymer is formed when the methyl
branch frequency is approximately 150/1000 carbon units. However, placing the
branch in a specific sequence length along the backbone of polyethylene creates
a semicrystalline order that has not been observed in the chain-made branched
polyethylenes. There is no doubt that these materials have a well-defined, sharp
melt and that there is also some type of secondary structure ordering in the mate-
rial. The preliminary DSC data are just the first indication of how special these
materials may be for the purposes of modeling.

8.4 SYNTHETIC METHODS: SILICON-CONTAINING POLYMERS,
FUNCTIONALIZED POLYOLEFINS, AND TELECHELICS

8.4.1 Polycarbosilanes and Siloxanes

Polycarbosilanes are an interesting class of polymers from a materials standpoint;
however, they do not occur naturally. A variety of synthetic methods can be
employed to produce such polymers, but this part of the chapter will focus on
using ADMET as a viable route to synthesize polycarbosilanes, siloxanes, and
other silicon-containing polymers.

The first type of polycarbosilane synthesized by using ADMET methodology
was a poly[carbo(dimethyl)silane].14c Linear poly(carbosilanes) are an important
class of silicon-containing polymers due to their thermal, electronic, and optical
properties.41 They are also ceramic precursors to silicon carbide after pyrolysis.
ADMET opens up a new route to synthesize poly(carbosilanes), one that avoids
many of the limitations found in earlier synthetic methods.41

Initial attempts to condense divinyldimethylsilane were unsuccessful due to
steric interactions between the methyl groups on the silicon atom adjacent to
the double bond and the catalyst, which does not allow for the formation
of the critical metallacyclobutane intermediate.7b,14c However, copolymers with
1,9-decadiene are possible. Methylene spacer units between the double-bond
site and the silyl group are necessary in order to condense monomer to
polymer. Consequently, diallyldimethylsilane (19), bis(allyldimethylsilyl)ethane
(21a), and bis(allyldimethylsilyl)benzene (21b) were successfully polymerized
using ADMET (Fig. 8.14).14c All three of these monomers can be polymerized
using [W] catalyst (23), producing clean microstructures with a small amount of
cyclic byproducts caused by catalyst backbiting. Table 8.2 provides molecular
weight data (Mn), and differential scanning calorimetry illustrates low glass
transition temperatures (Tg), with no melting temperatures (Tm), indicative of
amorphous polymers.

Organofunctionalized polysiloxanes possess a unique combination of proper-
ties, including hydrophobicity, low-temperature flexibility, and thermal stability.41
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Figure 8.14 Classes of poly[carbo(dimethyl)silanes] produced by ADMET.

TABLE 8.2 Characterization Data for Poly[carbo(dimethyl)silane]s

Polymer GPC (Mn)a Mw/Mn Tg (◦C) TGA (◦C)b

20 12,000 1.94 −67 330
22a 50,000 1.10 −59 440,c 230d

22b 1,500 1.34 −46

aGPC Mn relative to polystyrene.
bTemperature where 10% weight loss occurs.
cIn nitrogen.
d In air.

Therefore, the incorporation of siloxane linkages into polymer chains as well as
copolymers of siloxane and polyolefin blocks is of interest. Regularly alternat-
ing carbon and siloxane block copolymers combine the characteristics of the
hydrocarbon segment, increasing the mechanical properties of the polymer while
still taking advantage of the properties of the siloxane segment.42 Several main-
chain unsaturated poly(carbosiloxanes) have been synthesized in our group, most
containing dimethyl-substituted silyl groups.43
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Figure 8.15 Two carbosiloxadienes which fail to produce linear polymer.

Monomers 24 and 25 behave differently when exposed to catalyst 14, shown in
Fig. 8.15. Divinyltetramethyldisiloxane 24 is found to be metathesis inactive due
to similar steric inhibitions experienced with divinyldimethylsilane. Monomer 25
is synthesized with one additional methylene spacer unit between the silicon atom
and the olefin moiety, which then is reacted with Schrock’s [Mo] catalyst. Here,
metathesis occurs quite readily, exclusively forming a seven-membered cyclic
molecule (26) instead of polymer. The formation of the cyclic product can be
explained by the Thorpe–Ingold effect.15

Cyclization is prevented by extending the siloxane linkage or by lengthen-
ing the carbon tether (methylene spacers between the siloxane and the olefin).
Both routes are utilized in order to produce methyl-substituted polycarbosilox-
anes. Monomer 27, possessing a trisiloxane linkage, is synthesized by reacting
a dichlorosiloxane with allylmagnesium bromide (Fig. 8.16).43 Increasing the
number of methylene spacers between the silicon atom and the olefin is accom-
plished by hydrosilation of 1,4-pentadiene using Karstedt’s catalyst, tris(divinyl-
tetramethyldisiloxane)diplatinum(0), producing monomer 28.44 Monomer 29 is
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Figure 8.16 Three types of methyl-substituted carbosiloxadienes.
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synthesized by the condensation of bis(hydroxysilyl)benzene with allylchlorodi-
methylsilane. All of these monomers are successfully converted from monomer
to polymer using 14, clearly demonstrating the compatibility of this catalyst with
the siloxane functionality.

Monomers 27 and 28 are viscous liquids at room temperature, thus allowing
for the formation of reasonably high molecular weight materials during poly-
merization in the bulk (Table 8.3). Monomer 28, a solid at room temperature,
yields the lowest degree of polymerization of the three monomers studied. Low
glass transition temperatures and high thermal stability are observed for all the
poly(carbosiloxanes), which is expected for polymers containing the highly flex-
ible and stable siloxane linkage.

Another example of the flexibility of ADMET is the demonstration of success-
ful polymerization of α,ω-telechelic diene carbosilane macromonomers.45 The
synthesis of macromonomer 30 is achieved using catalyst 23 and copolymerized
with a rigid small-molecule diene, 4,4′-di-trans-1-propenylbiphenyl (Fig. 8.17).

TABLE 8.3 Characterization Data for Poly(carbosiloxane)s Produced by ADMET

Polymer GPC (Mn)a Mw/Mn
b Tg (◦C) TGA (◦C)c,d

Monomer 27 15,000 1.7 −97 398,c 284d

Monomer 28 32,000 1.7 −93 427,c 282d

Monomer 29 1,400 1.2

aRelative to polybutadiene standards.
bReaction mixture.
cIn N2.
d In air.
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Figure 8.17 Copolymerization of telechelic oligomer 30 with a rigid aromatic diene.
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Figure 8.18 Synthesis of poly(di-5-hexenyldichlorosilane) (33) via ADMET.

The molecular weight of 30 is purposely stopped with Mn = 7650. The rationale
for producing an oligomer before copolymerization occurs is to prevent irregular-
ity in the overall polymer structure. This can be caused by unintended reactions
such as self-metathesis of the biphenyl diene. Since this self-metathesis product is
an insoluble solid, copolymerization with another diene containing siloxane link-
ages, such as 30, is advantageous because it allows for higher molecular weight
materials to be attained as well as imparting excellent solubility and improved
physical properties to the polymer produced.

The designed structural regularity of this copolymer is one reason why we
studied this system. Under normal conditions, when two monomers are mixed
and reacted in the presence of an ADMET catalyst, random copolymers are pro-
duced with the final composition based upon the feed ratios of the two monomers.
However, in this case, controlled addition of the aromatic diene with telechelic
oligomer 30 produces a high-molecular-weight material with a designed number
of aromatic units in the polymer backbone. The controlled addition of 4,4′-di-
trans-1-propenylbiphenyl is achieved by simply adding a toluene solution of the
biphenyldiene to a solution of 30 in toluene and catalyst 23 under inert condi-
tions. About 11 mol % cyclic products are produced by catalyst backbiting after
dissolving the telechelic oligomer in solvent. The cyclization does not increase
significantly during the copolymerization, and the resulting copolymer contains
13 mol % of the biphenyldiene subunit in the polymer backbone. Integration of
the aromatic resonances in both 1H and 13C NMR confirms that the degree of
incorporation of the biphenylene unit is quantitative. No evidence of bipheny-
lene self-metathesis is observed spectroscopically. Further support of copolymer
formation is displayed by GPC analysis, which shows a unimodal peak with
Mn = 27,000 (relative to polybutadiene standards) and Mw/Mn = 1.9, typical for
polycondensation reactions.

Another class of silicon-containing polymers that have great potential to be
extremely useful precursor materials are poly(chlorocarbosilanes).14f,46 Poly
(chlorocarbosilanes) are not useful without modification because of the rapid
hydrolysis of Si−Cl bonds, forming HCl and an insoluble crosslinked polymer
network. However, nucleophilic substitution of these Si−Cl bonds with various
reagents produces materials with a broad range of properties that are determined
by the nature of the nucleophile used.47 Poly(chlorocarbosilanes) can be easily
synthesized by ADMET (Fig. 8.18) without any detrimental side reactions, since
the Si−Cl bond is inert to both catalysts 12 and 14. Early studies produced a
polymer with Mn = 3000.14f
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Figure 8.19 Copolymerization of monomers 34 and 35.

Another system under investigation in our laboratory involves the use of silicon
alkoxide groups in ADMET polymers.14j,47 In particular, methoxy-functionalized
silane polymers are chosen because the hydrolytic reactivity of the Si−OCH3

bond is kinetically slower than the Si−Cl bond.14j We refer to these as latent-
reactive polymers, since slow crosslinking occurs after polymerization. As an
example of this concept, the copolymerization of 34 and 35 is performed by
ADMET, giving a random distribution of the two monomers along the back-
bone (Fig. 8.19). Like the Si−Cl bond, the Si−OCH3 bond is also inert to the
metathesis catalysts 12, 13, and 14, and the resulting ADMET copolymer 36
is a linear, thermoplastic material.14j Each monomer in the copolymer imparts
its distinct properties, contributing to the overall material characteristics of the
resulting copolymer. The “soft” siloxane unit, consisting of unreactive methyl
groups attached to the silicon atom, imparts flexibility and low Tg, whereas the
“hard” carbosilane segment possesses four reactive silicon–methoxy moieties per
repeat unit, providing strength to the material. The presence of these groups on
the polymer allow for slow crosslinking over a period of time when introduced to
atmospheric moisture, making a strong thermoset network material. As a result,
the copolymer of both dienes (Mn = 40,000) has high thermal stability, yet a low
glass transition temperature. GPC analysis of this copolymer confirms its copoly-
mer nature, displaying a unimodal distribution and no evidence of any bimodal
characteristics, thus eliminating the possibility of dual homopolymerization.

The slower, more controlled hydrolysis of silicon–methoxy bonds enables
the synthesis of a material that is processable and extremely tough, yet flexible,
with the degree of flexibility a direct result of the molar feed ratio of the two
monomers since both are incorporated equally in the ADMET copolymerization.
Therefore, a series of materials can be made where the properties are adjusted
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by varying the percentage of crosslinkable bonds present. We are continuing our
study of polymers with sites of latent reactivity as well as examining improved
methods of controlling the crosslinking reaction.

8.4.2 Telechelics from Polybutadiene

The breakdown and recycling of polymers through depolymerization mechanisms
have been a focus of research for many scientists. Several different methods have
been successfully used to achieve oligomeric products, and we have found that
ADMET is useful for the depolymerization of unsaturated polymers. The simplest
way to produce oligomers by this method is by the addition of ethylene to a solu-
tion of polymer and metathesis catalyst. Since ADMET is an equilibrium reaction,
adding ethylene pushes the equilibrium toward depolymerization to monomer. We
have also studied methodologies to produce exact-mass telechelic oligomers by
using metathesis. The first example is the reaction of a monoolefin with 1,4-
polybutadiene (38).48 Allyltrimethylsilane (37) (10 equivalents per repeat unit of
1,4-polybutadiene) is added to a solution of polymer in the presence of catalyst
14 or 23, evolving ethylene gas as the silane self-metathesizes. The ethylene is
removed in vacuo and toluene is then added to the reaction flask. All volatiles
(including excess silane olefin) are removed from the reaction, and exact-mass
α,ω-bis(trimethylsilyl)-1,4-polybutadiene is produced (Fig. 8.20).

This strategy is used for the synthesis of three different exact-mass telechelic
oligomers. GPC, NMR, and GC/MS evidence indicates that clean depolymeriza-
tion chemistry occurs for all three samples. Poly(1,4-butadiene) (38) is broken
down into oligomeric units with two, three, and four repeat units using cata-
lyst 23. Catalyst 14 is more efficient and produces even lower molecular weight
oligomers, primarily one and two repeat units. When allylchlorodimethylsilane
is used instead of ethylene with 14, telechelic dimers are the only product.

Other groups such as esters, silylethers, and imides are also successfully incor-
porated through ADMET depolymerization with 14 (Fig. 8.21).49 For an ester
functionality, at least two methylene spacer units must be present between the
olefin site and the functional group in order to achieve depolymerization. This
is due to the “negative neighboring group effect,” a deactivation of the catalyst
by coordination of the functionality heteroatoms to the catalyst.50 By physically

Si

CH3

CH3

R + [cat]

Toluene, rt

R = CH3, Cl

37 38 39

x n

SiSi

CH3
CH3

CH3 CH3

R R

Figure 8.20 Metathesis depolymerization produces exact-mass telechelic oligomers.
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Figure 8.21 Synthesis of various difunctional telechelic oligomers via ADMET
depolymerization.

separating the ester from the olefin site by using spacer groups, depolymerization
is able to occur, producing ester-difunctionalized telechelic butadiene oligomers.

Diol-functionalized telechelic polymers have been desired for the synthesis
of polyurethanes; however, utilizing alcohol-functionalized α-olefins degrades
both 14 and 23. Consequently, in order for alcohols to be useful in metathe-
sis depolymerization, the functionality must be protected and the oxygen atom
must not be β to the olefin or only cyclic species will be formed. Protection is
accomplished using a t-butyldimethylsiloxy group, and once protected, successful
depolymerization to telechelics occurs readily.

Imide-terminated telechelics are also synthesized by metathesis depolymer-
ization, and it is found that phthalimide-substituted olefins allow for productive
depolymerization when only one methylene spacer separates the nitrogen atom
and the olefin (Fig. 8.21). This combination of steric hindrance around the nitro-
gen lone pair and decreased electron donation from resonance prevents the nega-
tive neighboring group effect. However, secondary acyclic amines are unable to
produce telechelics through metathesis depolymerization because of unfavorable
catalyst–amine interactions.

In order to prove that intramolecular cyclization occurs before telechelic oligo-
mer formation, an experiment similar to previous work by Calderon1f is per-
formed using 14 in place of Calderon’s classical catalyst system. Macrocyclic
species are formed when a toluene solution of polybutadiene is exposed to this
catalyst, supported by both NMR and GC data. The vinylic resonances are clearly
shifted upfield from polybutadiene. GC analysis shows macrocyclic trimers and
tetramer regioisomers.

The most recent work in our group on metathesis depolymerization has focused
on the solvent-free depolymerization of 1,4-polybutadiene.51 In our previous work
using catalyst 14, a solvent is required in order to bring the catalyst and polymer
into the same phase for depolymerization to take place. However, we have found
that catalyst 12 can effectively depolymerize 1,4-polybutadiene with no solvent
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or any chain transfer agent required. In one experiment, 12 (0.25 mol %) is
sprinkled onto cis-1,4-polybutadiene at room temperature under argon. Within
1 h, the polymer surface began to liquefy, producing a viscous liquid after
2–3 h. GPC analysis shows a decrease in molecular weight of two orders of
magnitude.

Because of the absence of chain limiter, the catalyst itself may initially act
as the chain limiter (Fig. 8.22). The catalyst reacts with the olefinic regions of
the polymer backbone and causes chain scission to occur, forming two new
chains. The reactive carbene which is produced then moves from chain to chain,
forming two new chains with each scission until the most probable molecular
weight distribution is reached (Mw/Mn

∼= 2), producing linear chains end capped
with [Ru] catalyst residues.

If the catalyst is the only chain limiter present, then the molecular weight
should be proportional to the repeat unit–catalyst molar ratio. However, when
the catalyst is reduced 10-fold from 0.25 to 0.025 mol %, the resulting molecular
weight of the depolymerization product is the same. Therefore, another chain-
limiting species must be present in the system. These results are due to 1,2-vinyl
linkages present in all commercial 1,4-polybutadiene.52 The 1,2-linkages act as
“intramolecular chain limiters” through ring-closing metathesis, which then act
as a chain limiter by cross-metathesis of the polymer backbone with the vinyl
group (Fig. 8.23). Direct chain scission occurs when the vinyl group of the triad
reacts with an olefin on the polymer backbone. The final result is a mixture of
oligomeric 1,4-polybutadiene end capped with vinyl (46, 50), cyclohexenyl (51),
and cyclopentenyl (47) groups. Since no external chain limiters are present in
this depolymerization process, the position of the depolymerization equilibrium
is determined by three metathesis processes: conversion of polymer to cyclics,
incorporation of the catalyst as a chain limiter, and conversion of 1,4–1,2–1,4
triads as chain limiters.

Catalyst 14 has also been used, and we find that solvent-free depolymerization
does not occur to a large extent.51,53 For the first 30 min, the solution begins to
liquefy but then becomes waxy. This result occurs because 14 produces a higher
trans content of chains, which are more crystalline, in the early stages of the
reaction. Hence, the mobility of the chains is hindered54 and depolymerization is
inhibited because of the lack of chain-to-chain migration.
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Figure 8.22 Catalyst is functioning as a chain limiter.
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Figure 8.23 Depolymerization using 1,4–1,2–1,4 triads as chain limiters.

8.4.3 Functionalized Polyolefins

Functionalized polyethylene would be of great industrial importance, and if syn-
thetic methods to control the microstructure of functionalized polymers using
transition-metal-based catalysis are developed, it would significantly broaden the
utility and range of properties of this class of polymers. Recent progress in the
field of late transition metal chemistry, such as Brookhart’s use of nickel-based
diimine catalysts, has enabled the copolymerization of ethylene with functional
α-olefins.29 However, these systems incorporate functionalized olefins randomly
and with limited quantity (mol percent) into the polymer backbone.

Since the reactivity ratios of ethylene–polar monomer pairs are quite different,
the preparation of copolymers with precisely the same comonomer composition
can be a challenging endeavor. Earlier in this chapter, we described the syn-
thesis and characterization of precisely placed methyl groups on a polyethylene

R

n n n n

x

[Ru]

R = polar functionality

R

Hydrogenation

R

2n+2

x

−C2H4

52 53 54

Figure 8.24 Using ADMET/hydrogenation to produce polyethylene with polar
functionalities.
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backbone.20 An extension of this work is discussed here, where ADMET is used
to prepare a number of linear polymers with precisely placed functional groups
that have commercial relevance. The goal is to study the effect of the functionality
(position and number) on a saturated backbone, in essence preparing copoly-
mers of polyethylene with functionalized α-olefins. ADMET polymerization is
performed on a series of symmetrical α,ω-dienes containing a central pendant
functionality (52).34,36,55 Subsequent hydrogenation of the unsaturated sites on
the backbone converts these polymers to “perfect” copolymers of polyethylene
(54) (Fig. 8.24). We refer to these models as ethylene–polar monomer copoly-
mers (EPMs); however, one feature that distinguishes these models from perfect
EPM models is the number of spacers between functionality.55 Perfect EPM
models have functional groups that are separated by an odd number of methy-
lene spacer units, whereas our models have an even number of spacer units
between functionalities.

Both ester and carbonyl groups have been incorporated into the polymer back-
bone in order to study how the lamellar crystal structure is affected by regular
polymer defects.34,36 Placement of a carbonyl functionality into a polyethylene-
like backbone (57) mimics an ethylene–CO copolymer.34 While regularly alter-
nating ethylene–CO copolymers do exist, there is no published method to date
besides ADMET hydrogenation that produces a copolymer of high molecular
weight which controls the number of ethylene units between the carbonyl func-
tionality. ADMET polymerization of monomer 55, followed by hydrogenation,
produces a model polymer 57 with a Tm = 134◦C, having a lower molecu-
lar weight and broader molecular weight distribution than usual for ADMET
polymers. This is because of the higher melting temperatures/intermolecular inter-
actions of the monomer (Fig. 8.25). A small amount of toluene is added to
facilitate the reaction, thus lowering polymer molecular weight by competition
between macrocycle formation and polymerization.

Other commercially relevant monomers have also been modeled in this study,
including acrylates, styrene, and vinyl chloride.55 Symmetrical α,ω-dienes substi-
tuted with the appropriate pendant functional group are polymerized via ADMET
and utilized to model ethylene–styrene, ethylene–vinyl chloride, and ethylene–
methyl acrylate copolymers. Since these models have “perfect” microstructure
repeat units, they are a useful tool to study the effects of the functionality on the phys-
ical properties of these industrially important materials. The polymers produced
have molecular weights in the range of 20,000–60,000, well within the range nec-
essary to possess similar properties to commercial high-molecular-weight material.

55 56 57

O

8 8
8 8

n

O

hydrogenation

18 n

O

[Ru]

−C2H4

Figure 8.25 Ethylene–CO copolymer synthesized by ADMET.
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8.5 CONCLUSIONS

Acyclic diene metathesis (ADMET), a rare example of step-growth polymeriza-
tion catalyzed by a transition metal complex, has proven to be quite a versatile
reaction. As the catalog of organometallic M=C catalysts for metathesis has
grown, so has the flexibility of this reaction. Originally thought to be an imprac-
tical reaction scheme using early metal halide–Lewis acid catalyst systems,
ADMET has benefited tremendously from the advent of breakthroughs in single
site, well-defined carbene catalysts from the Schrock and Grubbs laboratories.
These discoveries have allowed ADMET polymerization to be remarkably tol-
erant to variations in both structure and atom composition in the monomer. We
have incorporated heteroatoms and a variety of functionalities as well as pre-
pared telechelic and branched polymers via this route. The key advantage of
ADMET is the complete lack of side reactions, producing a polymer with a
predictable, designed architecture. As a result, we have been able to synthesize
polymers with precise microstructures and produce “perfect” models for industri-
ally relevant copolymers, work that is quite challenging to accomplish by other
means. Research involving ADMET continues as we utilize this chemistry in the
investigation of ADMET segmented and comb copolymers, reactive polymers,
biopolymers, and polymer crystallization behavior.
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Polymerization: Transition
Metal Coupling
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9.1 INTRODUCTION

9.1.1 Historical Perspective

In 1977, Yamamoto and Yamamoto adopted the Kumada coupling,1 the nickel-
catalyzed coupling reaction of aryl halides with Grignard reagents (Scheme 9.1),
for the synthesis of poly(para-phenylene) and related polymers (Scheme 9.2).2

This marked an important step of using transition metal coupling for step-growth
polymerization.∗ Although Grignard reagents and Ni(II) complexes are the com-
monly used combination for this coupling, other organometallic reagents such
as organozincs and transition metal catalysts such as palladium complexes have
also been used for this coupling polymerization later on (Scheme 9.3).4,5

Kumada coupling
Ni(II)

R = aryl, alkenyl

R X + R′MgX R R′

Scheme 9.1

1. Mg

2. Ni(II)

1 2

BrBr
n

Scheme 9.2

∗ Cu-mediated Ullman reaction has been used for the polymerization of dihaloaryls. For example, see
ref. 3. This type of polymerization as well as other transition-metal-mediated reactions that involve
radicals in the polymerization process is not included in this chapter.
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n67 °CBr ZnBr

Scheme 9.3

The coupling reaction of aryl–alkenyl halides with alkenes in the presence of a
palladium catalyst and a base is known as the Heck coupling (Scheme 9.4).6 Since
the early 1980s, this type of coupling reaction has been used for the synthesis of
poly(arylenevinylene) and related polymers by polymerization of AB- or AA/BB-
type of monomers (Scheme 9.5).7

+
Pd(0)

Base

R = aryl, alkenyl

Heck coupling
R′

R X

R′

R

Scheme 9.4

n

7 8 9

BrBr

R

R

R′

R′

R′

R′

R

R

+

n

Pd(0)

Base

5 6

CH3

H3C

Br

CH3

H3C

Pd(0)

Base

Scheme 9.5

By using a cocatalyst of Pd–Cu, aryl–alkenyl halides couple efficiently
with alkynes to generate the disubstituted alkynes (Scheme 9.6).8 This coupling
reaction has been applied to the synthesis of polyphenyleneethynylenes by
Yamamoto et al. in 1984 (Scheme 9.7).9a Due to the ready availability of
diacetylenes and the mild coupling condition, this strategy has been widely used
for the preparation of many poly(aryleneethynylene)s.9

Pd(PPh3)4/CuI
+

R = aryl, alkenyl

R X R′H R′R

Scheme 9.6
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OR′
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RO

OR′

R′O

Pd(PPh3)4/CuIBase

Scheme 9.7

In 1988, Yamamoto et al. reported the Ni(0)-mediated homo coupling of aryl
halides for step-growth polymerization (Scheme 9.8).10,11 Unlike the Kumada
reaction that involves the highly nucleophilic Grignard reagents, this process
can tolerate many functionalities and thus allows the synthesis of many highly
functionalized polymers. Although a stoichiometric amount of Ni(0) complex
was first introduced and is still very often used for the homo coupling of aryl
halides, it is also possible to use a catalytic amount of Ni(0) with a stoichiometric
amount of zinc for the polymerization (Scheme 9.9).12

Ni(0)

or  Ni(II)/Zn
Ar X Ar Ar

Scheme 9.8

OMOM

OMOM

Br

Br

NiCl2(10%)/Zn

OMOMMOMO

MOMO OMOM

PPh3, Bipyridine
DMF

15

16

N
BrBr

Ni(COD)2

N n

13 14

Scheme 9.9
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Polymerization using the Stille coupling, the cross-coupling of aryl–alkenyl
halides with organotins in the presence of palladium catalysts (Scheme 9.10),13

appeared in 1989 (Scheme 9.11).14 The low nucleophilicity of organotins makes
it possible to use functionalized monomers for the polymerization.15

R X Ar SnBu3 Ar R

R = aryl, alkenyl

+
Pd(0)

Stille coupling

Scheme 9.10

OBu3Sn SnBu3

S

BocHN NHBoc

SnBu3Bu3Sn S

NO2O2N

BrBr

C6H13

BrBr

C6H13

S

S

BocHN NHBoc

O2N NO2

C6H13

C6H13

O

AsPh3, THF, 80 °C
n

+
Pd2(dba)3, CuI

20 21 22

n

Pd(0)

17 18

19

+

Scheme 9.11

At about the same time, the application of the Suzuki coupling, the cross-
coupling of boronic acids with aryl–alkenyl halides in the presence of a base
and a catalytic amount of palladium catalyst (Scheme 9.12),16 for step-growth
polymerization also appeared. Schlüter et al. reported the synthesis of solu-
ble poly(para-phenylene)s by using the Suzuki coupling condition in 1989
(Scheme 9.13).17 Because aryl–alkenyl boronic acids are readily available and
moisture stable, the Suzuki coupling became one of the most commonly used
methods for the synthesis of a variety of polymers.18

R, R′ = aryl, alkenyl

+
Pd(0)

Suzuki couplingR R′B(OH)2X R′ R

Scheme 9.12
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Pd(PPh3)4
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2 M Na2CO3
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Scheme 9.13

Recently developed catalyst systems make it possible to construct carbon
(sp2)–carbon (sp3) bonds and carbon–nitrogen bonds under mild conditions
(Scheme 9.14).19,20 These new developments have also been incorporated into
step-growth polymerization. Kanbara et al. reported the synthesis of polyani-
lines and related polymers in 1996 (Scheme 9.15).21 Wang and Wu reported the
synthesis of polyketones in 1999 (Scheme 9.16).22
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+

tBuONa

Pd(0), BINAP or DPPF

tBuONa

+

Scheme 9.14
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27
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n

28

I
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O
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C3H7

Scheme 9.16

9.1.2 Applications
In general, transition-metal-catalyzed coupling polymerizations have several ad-
vantages: (a) carbon–carbon bond or carbon–heteroatom bond formation can
be achieved under mild conditions in the presence of many functionalities and
(b) high regio- and chemoselectivities can be achieved to lead to well-defined
structures. Because of these advantages, transition metal coupling polymerization
has become a powerful tool for the synthesis of different types of polymers that
cannot be easily accessible or are impossible by using other methods. These poly-
mers can be generally divided into three classes: (1) linear polymers containing
no chiral unit, (2) linear polymers containing chiral units, and (3) hyperbranched
and dendritic polymers.

Linear polymers such as poly(para-phenylene)s, poly(para-phenyleneviny-
lene)s, and polythiophenes have potential applications in the fields of organic con-
ductors, nonlinear optics, electroluminescent materials, solar cells, high-energy
density batteries, and modified electrodes.23 Although these polymers have been
prepared by other chemical and electrochemical methods, the nature of the poly-
merization processes casts doubts about the connection between each repeat unit
and makes it difficult to prepare their analogues with desired functional groups.
Early applications of transition-metal-catalyzed couplings for the step-growth
polymerization have been in the synthesis of these polymers. Because of the high
chemo- and stereoselectivity of the transition-metal-catalyzed reactions, polymers
synthesized by transition metal coupling polymerization strategy have unambigu-
ous bond connection between each repeat unit. It is also possible to introduce
functional groups into the polymer either in the side chains or in the main chain
to tune the properties of the polymers. This strategy has thus been widely used
for the synthesis of different types of linear polymers with interesting optical and
electrical properties. For example, they have been used for the construction of
polymeric molecular sensors such as 29 and 3024,25:

S
S
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O

O

O

n

29 30

n

OC14H29

C14H29O
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Optically active polymers are potentially very useful in areas such as asym-
metric catalysis, nonlinear optics, polarized photo and electroluminescence, and
enantioselective separation and sensing.26 Transition metal coupling polymeriza-
tion has also been applied to the synthesis of these polymers.27 For example,
from the Ni(II)-catalyzed polymerization, a regioregular head-to-tail polymer 32
was obtained (Scheme 9.17).28 This polymer is optically active because of the
optically active chiral side chains.

1. LDA
2. MgBr2  OEt2

3. Ni(dppp)Cl2, THF

31

32

S

O

Br S

O

S

O

S

O

n

•

Scheme 9.17

Transition metal coupling polymerization has also been used to synthesize
optically active polymers with stable main-chain chirality such as polymers 33,
34, 35, and 36 by using optically active monomers.29 – 31 These polymers are
useful for chiral separation and asymmetric catalysis. For example, polymers 33
and 34 have been used as polymeric chiral catalysts for asymmetric catalysis. Due

OHHO

HO OH

33
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to the size and solubility difference between the polymers and monomers, using
polymeric chiral catalysts not only can simplify the reaction work-up and allow
the recovery and reuse of the catalysts by simple filtration or precipitation but
also can make it possible to carry out reactions in a continuous mode. Polymer
39, synthesized from the cross-coupling of 37 and 38, has been found to be the
best polymeric catalyst reported so far for the diethyl zinc addition to aldehydes
(Scheme 9.18)18a:
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RO

R = C6H13
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C8H17O
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nn

35

I

I
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OR

B(OH)2

RO

OR

(HO)2B

1. Pd(PPh3)4,
    1 M K2CO3, THF

2. HCl

+

37 38
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Scheme 9.18
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Scheme 9.18 (Continued ).

Hyperbranched and dendronized polymers such as 40, 41, and 42 have also
been synthesized using the transition metal coupling strategies in recent years.32

These polymers are fundamentally different from those traditional linear poly-
mers. They possess dendritic arms within the polymer or along the polymer
backbone. It is believed that they possess interesting properties and have potential
applications in many fields such as nanotechnology and catalysis:
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9.1.3 Research Trends and Critical Issues

Like other step-growth polymerization methods, factors such as the monomer
purity, ratio of the monomers, conversion, temperature, and concentration will
greatly influence the transition metal coupling polymerization. These factors have
to be taken into account when higher molecular weight polymers need to be
prepared.33

Because low-valent transition metals such Ni(0) and Pd(0) are air and/or mois-
ture sensitive,34 the exclusion of oxygen and/or moisture is also crucial for the
polymerization. Failure to exclude oxygen will deactivate the catalysts, thus
causing the termination of the polymerization and influencing the polymeriza-
tion degree.

The side reactions existing in the transition metal coupling reactions are some-
times responsible for the low molecular weight. These side reactions can be
classified in two types: (1) reduction of monomer and (2) coupling of monomer
with a nonreactive chain end. These side reactions can be minimized by proper
choice of reaction temperature, catalysts, and catalyst loading.

Development of more efficient transition metal catalyst systems including
using novel and efficient ligands has been one of the focuses in organometallic
chemistry.35 The developments in this area will allow not only to synthesize poly-
mers under mild conditions with higher or desired molecular weights but also to
use less expensive, more readily available materials for the polymerizations.

Conjugated polymers, including optically active polymers and dendronized
polymers that are very useful in electrical and optical fields and asymmetric
catalysis, will continue to attract interest from chemists and materials scientists.
It is well anticipated that more and more polymers with interesting structures and
properties will be synthesized from the transition metal coupling strategy.

9.2 STRUCTURE–PROPERTY RELATIONSHIPS

9.2.1 General Consideration

Because of the unambiguous reactive sites of monomers and the high chemo-
and stereoselectivity of transition-metal-catalyzed coupling reactions, polymers
prepared by transition metal coupling have predictable chemical structures. Func-
tional groups can be easily and selectively introduced at the desired position
within the polymer chains. Therefore, polymers with specific properties can be
rationally designed and synthesized.

9.2.2 Role of Chemical Structure

Both the main chain and side chains can greatly influence the properties of
polymers. By varying the side chains and using different linkers, properties of
polymers such as the solubility and conjugation along the polymer backbone can
be greatly altered.
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Nonconjugated polymers containing flexible backbones such as 43 are generally
more soluble in common organic solvents than the rigid, conjugated polymers36:

43

N N
n

Conjugated polymers prepared from homo- and cross-coupling of aryl–alkenyl
halides with organometallic reagent and its analogues usually have longer conju-
gation than their monomers with well-defined structures. The degree of the red
shift depends on the steric hindrance around the bonds connecting the monomeric
units. Polymers with inherently less steric hindrance in their intramonomer bonds
showed larger red shift than those with more steric hindrance. For example, poly-
thiophenes and polymethylthiozoles show larger red shifts from their correspond-
ing monomers than poly(para-phenylene)s and polypyridines do (Fig. 9.1).37 – 39

Introduction of side chains will generally increase the solubility of the poly-
mers but usually disrupt the conjugation along the polymer backbone. By properly
choosing the side chains and linker, it is possible to prepare polymers with desired
conjugation and solubilities.40

Copolymers composed of electron-donating and electron-withdrawing units are
considered to have intramolecular charge transfer structure.41 These copolymers
show absorption bands at wavelengths longer than those of the corresponding
homopolymers (Fig. 9.2).

Maximum conjugation can be achieved by converting a conjugated polymer
to a ladder or fully conjugated planar polymer (Scheme 9.19).42
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Incorporation of chiral units into polymers generates optically active
polymers.27 Two types of optically active polymers could be obtained according
to where the chiral units reside: optically active polymers with chirality derived
from chiral side chains and optically active polymers with chirality derived
from the chiral main chain. The circular dichroism (CD) measurement of 32,
an optically active polymer with chiral side chains, showed that the chiral
substituents have induced main-chain chirality. The induced main-chain chirality
disappeared at higher temperature and appeared upon cooling. This type of chiral
conjugated polymer is potentially useful in reversing optical recording28:

32

S

O

S

O

S

O

n

Optically active 1,1′-binaphthyl-based polymers incorporate chiral 1,1′-
binaphthyl units into the polymer backbone and possess stable main-chain
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chirality.43 Studies about this new class of optically active polymers showed that
properties of the 3,3′-linked binaphthyl-based optically active polymers are very
different from that of the 6,6′-linked polymers. For example, while 3,3′-linked
polymers such as 34 are excellent polymeric chiral catalysts for asymmetric
diethyl zinc addition to aldehydes and asymmetric hetero-Diels–Alder reactions,
the 6,6′-linked polymers such as 33 only yield product with less than 40%
enantiomeric excess (ee)44,45:

OHHO

HO OH

34

HO OH

OHHO

OR

RO

HO OH

OR

RO

R = C6H13

35

Optically active polymers containing planar chirality have also been synthe-
sized and studied. Polymer 36 containing optically active cyclophanes exhibits
chiraloptical activity in the region of π –π∗ transition with λmax = 332 nm. A
nonhelical chiral conjugated ladder polymer 50 displays extremely high Cotton
effect in the long-wavelength π –π∗ absorption with λmax = 461 nm46:
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Due to the dendritic arms among or along the polymer main chain, hyper-
branched and dendronized polymers are believed to have different solution and
solid-state properties such as different solubility, viscosity, and shapes than that
of their corresponding linear polymers. The unique structures of these polymers
lead to unique properties. For example, it has been found that those monoden-
drons attached to the polymer backbone can be light-harvesting antenna to harvest
light which can migrate to the polymer main chain, thus making the dendronized
polymers such as 51 very valuable for the light-emitting materials47:
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9.2.3 Role of Microstructure and Architecture

The microstructure and architecture of polymers can also greatly influence
the properties of the polymers. For example, poly(3-substituted thiophene)s
could have three microstructure joints: s-trans (head to tail), s-trans (head to
head), and s-cis (head to tail) (Fig. 9.3). The regioregular head-to-tail poly(3-
substituted thiophene)s exhibit higher electrical conductivity values and higher
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Figure 9.3

crystallinity compared with those of regio-irregular polymers. They also form
stacked structures.48,49

Conjugated polymers without sterically hindered side chains can usually line
up to form linear materials. Fluorescence measurement reveals that this arrange-
ment greatly reduced the quantum efficiency of the polymer. To reduce the
interpolymer chain quenching, larger side chains have been introduced in the
polymer backbone. For example, Zhou and Swager synthesized and studied a
series of poly(phenyleneethynylene)s such as polymer 52 and 30. Their study
showed that the fluorescence of polymer 30 has increased significantly due to the
introduction of the larger anthracene groups.9c
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R1 = C8H17, R2 = C16H33

52 30

n

The main chain of dendronized polymers, due to the large size of the mon-
odendrons, is usually forced to take a stretched shape; thus the whole molecule
exists as a rigid rod architecture both in solution and in the solid state.32d Depend-
ing on the backbone stiffness, the degree of monodendron coverage, and the size
of the monodendron, the architecture of these macromolecules is no longer a
sphere but a cylinder; this dictates the properties of the dendronized polymers.

R = monodendron group
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9.3 OVERVIEW OF CHEMISTRY AND ANALYTIC TECHNIQUES

9.3.1 Chemistry and Catalysis

Transition metal coupling reactions used for step-growth polymerization can
be generally divided into the following four classes: (a) coupling reactions
of aryl–alkenyl halides with organometallic reagents, (b) coupling reactions
of aryl–alkenyl halides with alkenes, (c) homo-coupling reactions of aryl
halides, and (d) coupling reactions of aryl halides with ketones and amines.
Transition metal coupling polymerization is considered to follow similar
reaction mechanisms.

9.3.1.1 Coupling Reactions of Aryl–Alkenyl Halides with
Organometallic Reagents and Related Nucleophiles50

The general mechanism of coupling reactions of aryl–alkenyl halides with
organometallic reagents and nucleophiles is shown in Fig. 9.4. It contains
(a) oxidative addition of aryl–alkenyl halides to zero-valent transition metal
catalysts such as Pd(0), (b) transmetallation of organometallic reagents to
transition metal complexes, and (c) reductive elimination of coupled product with
the regeneration of the zero-valent transition metal catalyst.

Transition metal complexes that are easy to handle and store are usually
used for the reaction. The catalytically active species such as Pd(0) and Ni(0)
can be generated in situ to enter the reaction cycle. The oxidative addition of
aryl–alkenyl halides can occur to these species to generate Pd(II) or Ni(II) com-
plexes. The relative reactivity for aryl–alkenyl halides is RI > ROTf > RBr >

RCl (R = aryl–alkenyl group). Electron-deficient substrates undergo oxidative
addition more readily than those electron-rich ones because this step involves the
oxidation of the metal and reduction of the organic aryl–alkenyl halides. Usually
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L

Pd(II)R X

L

R′
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L

Pd(II)R R′

R R′

R-M
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L2Pd(0)

Figure 9.4
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the slow step in the catalytic cycle is the transmetallation step. Therefore, side
reactions may occur to oxidative product RPdX(L2) prior to transmetallation.

A common side reaction in the phosphine-containing transition metal com-
plexes involves the exchange of the organic group of Pd(II) species and the
organophosphine ligands. The R group can also transfer to the P atom of the
organophosphine ligands to form phosphonium salts (Scheme 9.20).
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PPh3

PPh3

R XPd(II) +
 2 PPh3

PPh3

PPh3

Ph3P Pd(0) RPPh3X−
+

Scheme 9.20

The transmetallation reaction involves the transfer of the organic group from
an organometallic species to a Pd(II) species and produces a trans Pd(II) species.
Isomerization from the trans arrangement to a cis one is necessary prior to the
reductive elimination step. Reductive elimination yields the coupled product
and regenerates the transition metal catalyst. Because the reductive elimina-
tion is very fast, competing reactions leading to by-products are usually not
observed.

Organometallic reagents and related nucleophiles used for step-growth
polymerization include Grignard reagents, organozincs, organotins, organoboron
reagents, and organocopper reagents51,52:

1. Grignard Reagents and Organozincs. Aryl, alkenyl, and alkyl Grignard
reagents, arylzincs have been used for the polymerization. Besides Ni(II)
complexes such as Ni(PPh3)2X2 (X = Cl, Br, I) that are commonly used for
the coupling, palladium complexes such as Pd(PPh3)4 and CuBr have also
been employed as catalysts for the coupling. Aryl–alkenyl halides including
chlorides and tosylates can be used as substrates for the reaction. The high
nucleophilicity of Grignard reagents prevented the use of functionalized
monomers that can accept the nucleophilic attack. Due to the moisture and
air-sensitive nature of these reagents, the polymerization should be conducted
under anhydrous, inert atmosphere conditions.

2. Organotins. The organotin reagents have much lower nucleophilicity than
that of the Grignard reagents, thus allowing the use of a variety of functional-
ized monomers for the polymerization. Aryl–alkenyl iodides, bromides and
tosylates have been used as substrates. Palladium complexes are commonly
employed as catalysts for the reaction. Because the catalysts can be destroyed
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upon exposure to O2, the reaction is air-sensitive. However, it is much less
sensitive to moisture than Grignard reagents.

3. Organoboronic Acids or Borates. Although the nucleophilicity of
organoboronic acids or borates is low, they have sufficiently high reactivity
to undergo transmetallation to other metals. Both palladium and nickel
complexes have been used for the coupling reaction. Aryl–alkenyl iodides,
bromides, tosylates, and electron-deficient arylchlorides have been employed
for step-growth polymerization. It has been demonstrated recently that aryl
chlorides, including the electron-rich ones, can also be used for the reaction
by using an electron-rich phosphine ligand for the palladium catalysts.35

These developments provide tools for the synthesis of polymers by using
cheap aryl–alkenyl chlorides. Both strong and weak bases can be employed
for the reaction. The reaction is generally sensitive to oxygen and conducted
in aqueous mixtures.

4. Organocopper Reagents. In the presence of a base, the terminal alkynes
react with CuI to form alkynylcopper species. The alkynylcopper species
can undergo cross-coupling reaction with aryl–alkenyl halides by using a
palladium catalyst. The base is usually a secondary or tertiary amine such
as triethylamine. Aryl–alkenyl iodides, bromides, and tosylates and alkenyl
chlorides are active enough to be used for the polymerization. The suggested
mechanism is shown in Fig. 9.5.

9.3.1.2 Coupling Reactions of Aryl–Alkenyl Halides with Alkenes53

The Pd-catalyzed coupling reaction of aryl–alkenyl halides with alkenes in the
presence of a base is known as the Heck reaction (Scheme 9.3).5
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Tetrakis(triphenylphosphine)palladium(0) is often used for this reaction. How-
ever, Pd(II) complexes such as bis(triphenylphosphine)palladium dichloride or
palladium acetate are also commonly employed for convenience, as they are
stable in air. The base is typically a secondary or tertiary amine such as triethy-
lamine. Weak bases such as sodium (potassium) acetate, bicarbonate, or carbonate
are also used.

The general catalytic cycle for the coupling of aryl–alkenyl halides with
alkenes is shown in Fig. 9.6. The first step in this catalytic cycle is the oxida-
tive addition of aryl–alkenyl halides to Pd(0). The activity of the aryl–alkenyl
halides still follows the order RI > ROTf > RBr > RCl. The olefin coordinates
to the Pd(II) species. The coordinated olefin inserts into Pd−R bond in a syn
fashion. β-Hydrogen elimination can occur only after an internal rotation around
the former double bond, as it requires at least one β-hydrogen to be oriented syn
perpendicular with respect to the halopalladium residue. The subsequent syn elim-
ination yields an alkene and a hydridopalladium halide. This process is, however,
reversible, and therefore, the thermodynamically more stable (E)-alkene is gen-
erally obtained. Reductive elimination of HX from the hydridopalladium halide
in the presence of a base regenerates the catalytically active Pd(0), which can
reenter the catalytic cycle. The oxidative addition has frequently assumed to be
the rate-determining step.

9.3.1.3 Homo-Coupling Reactions of Aryl Halides

Early development of the homo-coupling reactions of aryl halides involves the
use of stoichiometric amounts of air-sensitive Ni(0) complexes.54 The reaction
could also be realized with a catalytic amount of Ni(0) complexes formed in situ
when a stoichiometric amount of Zn was present. Besides aryl iodides, tosylates,
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and bromides, aryl chlorides can also be used as substrates for the polymerization
under optimized conditions. Ligands such as PPh3 and bipyridine are used for
the polymerization to enhance the yield.55

Figure 9.7 shows the mechanism suggested for the Ni(0)-mediated coupling
reaction of aryl halides in the presence of excess of Zn. The first step of the
mechanism involves the reduction of Ni(II) to Ni(0) by Zn. This is followed
by the oxidative addition of aryl halides to Ni(0) to aryl Ni(II) halides. The
Ni(II) species is then reduced to aryl Ni(I) species via one-electron reduction.
Another aryl halide oxidatively adds to this Ni(I) species to generate the diaryl
Ni(III) species. This diaryl Ni(III) species undergoes rapid reductive elimination
to form the biaryl product. The generated Ni(I) species have two possible ways
to reenter the catalytic cycle: Ni(I) is reduced by Zn to Ni(0), which can repeat
the catalytic cycle, or ArX undergoes direct oxidative addition to Ni(I) followed
by the reduction of Zn to form the aryl Ni(I) species once again.

The possible mechanism for the reactions involving stoichiometric amount of
preformed Ni(0) complexes is shown in Fig. 9.8. The first step of the mecha-
nism involves the oxidative addition of aryl halides to Ni(0) to form aryl Ni(II)
halides. Disproportion of two aryl Ni(II) species leads to a diaryl Ni(II) species
and a Ni(II) halide. This diaryl Ni(II) species undergoes rapid reductive elimi-
nation to form the biaryl product. The generated Ni(0) species can reenter the
catalytic cycle.

The rate-determining step in the homo-coupling reaction of aryl halides could
be the oxidative step or the reduction of Ni(II) to Ni(I) step.

9.3.1.4 Coupling Reactions of Aryl Halides with Ketones and Amines19,20,56

Extensive study by several groups showed that Ar−X (X = I, Ts, Br, and Cl)
can undergo coupling reactions with amine and ketones in the presence of a
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base. A chelated phosphine ligand such as BINAP or DPPF or a bulky, electron-
rich monodentated phosphine ligand such as t-Bu3P is essential for the reaction.
NaO-t-Bu, K2CO3, and Cs2CO3 are commonly used as the base for the reaction.
The enantioselective coupling of aryl halides with ketones is possible by using
a chiral phosphine ligand. Figure 9.9 shows one of the suggested mechanisms
for the chelated ligand involved aryl halide amination. Oxidative addition of
an aryl halide to Pd(0) species generates an aryl Pd(II) halide complex. This
arylpalladium complex undergoes substitution with NaO-t-Bu to generate an
aryl-t-butoxylpalladium(II) complex which can react with amine to yield an ary-
lamidopalladium complex. Reductive elimination gives the coupled product and
regenerates the Pd(0) species.
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A general mechanism for the ketone arylation is shown in Fig. 9.10. Oxidative
addition of an aryl halide to Pd(0) species generates an aryl-Pd(II) halide complex.
This arylpalladium complex undergoes substitution with an enolate (in situ
generated from a ketone and a base) to generate an arylenolatepalladium(II)
complex. Reductive elimination gives the coupled product and regenerates the
Pd(0) species.

Although only several reports appeared employing these reactions for
polymerization, they could potentially be used for the synthesis of different
types of polyamines and polyketones, including optically active ones with main-
chain chirality.

9.3.2 Experimental Methods

Transition metal coupling polymerization, like its parent transition-metal-
catalyzed coupling reaction, is usually conducted in solution phase, including
homogeneous and heterogeneous conditions. Polymerization employing the
Kumada coupling, the Heck coupling, the Stille coupling, and Ni(0)-mediated
homo couplings starts from homogeneous solution with salts produced as
the polymerization proceeds. A report using the heterogeneous condition for
Heck coupling polymerization has been appeared.57 Polymerizations applying
the Suzuki coupling and Ni(II)–Zn coupling which start from two phases are
conducted in heterogeneous conditions.11,18

9.3.3 Characterization of Polymers33

Because side-chain groups can be easily introduced in the polymer backbone,
polymers synthesized via transition metal coupling are usually soluble in common
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organic solvents. Therefore, most of the methods used for the characterization of
other types of step-growth or chain-growth polymers can be used for characteri-
zation of polymers synthesized via transition metal coupling.

Gel permeation chromatography (GPC) or size exclusion chromatography
(SEC) has been routinely used to estimate the molecular weight of the polymers.
The molecular weight measured by GPC is relative to a polymer standard,
typically polystyrene; GPC is thus a relative method rather than an absolute
one. For those polymers whose structure is very different from polystyrene, GPC
molecular weight values could significantly differ from the real ones. In those
cases, GPC values should only be regarded as a reference.

Light scattering is another technique frequently used in the measurement of
polymer molecular weight. Because this method deals with the light scattering of
the sample and is directly related to the size of the sample molecules, it is thus
particularly good to measure high-molecular-weight polymers. Other methods
such as vapor pressure osmometry, membrane osmometry, and matrix-assisted
laser desorption/ionization (MALDI) mass spectrometry have also been used for
the measurement of molecular weights of polymers.

Thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) are also very useful tools for the characterization of polymers. TGA and
DSC provide the information about polymer stability upon heating and thermal
behaviors of polymers. Most of the polymers synthesized via transition metal
coupling are conjugated polymers. They are relatively stable upon heating and
have higher Tgs.

Spectroscopy methods are routinely used for the characterization of the poly-
mers. Nuclear magnetic resonance (NMR) is very useful for the characterization
of these polymers. For example, from 1H NMR, not only the molecular weight
of the sample can be estimated based on the end group but also the structure
regularity of the polymer can be obtained. For very high molecular weight poly-
mers, because the endgroup is too dilute, this technique is no longer suitable for
the estimation of the molecular weight. It will provide the information of the
molecular structure.

Ultraviolet spectroscopy and photoluminescence are used to study the optical
properties of polymers. These spectra provide information about the conjugation
along the polymer backbone and the photo behavior of the polymers.

Optical rotation and circular dichroism have been used for the characterization
of optically active polymers. They have been used to determine whether polymers
are optically active and whether a secondary structure such as a helix exists.

Useful information such as the functionality and crystallinity of the polymers
can be obtained by using infrared spectroscopy. Elemental analysis is also con-
sidered as one of the tools for the characterization of the polymers. Due to the
endgroups and incomplete combustion of the carbon, it is common to observe
the low-value carbon content than the theoretical one.

Other techniques such as cyclic voltammogram (CV), atomic force morphol-
ogy (AFM), and scanning force morphology (SFM) have also been used for
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the characterization of polymers. CV has been used to study the electrochem-
ical properties of the polymers. The surface properties of polymers have been
characterized by using AFM and SFM.

9.4 SYNTHETIC METHODS

9.4.1 Linear Polymers without Chiral Units

9.4.1.1 Synthesis of Poly(p-phenylene) 24 by Using Kumada Coupling58

Br

C6H13

C6H13

Br
Mg, THF

C6H13

C6H13

n

18 24

Ni(PPh3)2Cl2

Under nitrogen, freshly distilled 1,4-dibromo-2,5-dihexylbenzene 18 (12.0 g, 29.7
mmol) and magnesium (0.72 g, 29.7 mmol) were refluxed in THF (80 mL)
for about 1 h. After being cooled to room temperature, Ni(PPh3)2Cl2 (220 mg,
1.13 mmol) was added and the resulting dark solution was refluxed for 48 h. The
reaction mixture was then poured into acetone (500 mL) and filtered. The solid
was washed with dilute HCl (100 mL) and dried under vacuum (0.01 mm Hg).
The resulting solid was extracted with toluene in a Soxhlet apparatus. The solu-
tion was then concentrated to about 10 mL. Upon adding acetone (500 mL) to
the solution, the polymer was precipitated out. After freeze drying in benzene,
polymer 24 was obtained in 62% yield (4.11 g).

9.4.1.2 Synthesis of Poly(p-phenylene) 24 by Using Suzuki Coupling17

Br B(OH)2

C6H13

C6H13

Pd(PPh3)4

2 M Na2CO3, Benzene

C6H13

C6H13

n

23 24

Under nitrogen, a mixture of compound 23 (2.88 g, 7.8 mmol), Pd(PPh3)4 (0.045 g,
0.039 mmol), and 2 M Na2CO3 (30 mL) in benzene (40 mL) was vigorously stirred
and refluxed for 48 h. After being cooled to room temperature, the mixture was
poured into acetone (200 mL). The precipitated solid material was recovered by
filtration through a Büchner funnel, washed with dilute HCl (100 mL), and dried
under vacuum (0.01 mm Hg) for 24 h. The resulting solid was extracted with
toluene in a Soxhlet apparatus for ca. 20 h. The solution was concentrated to
20 mL and the product was precipitated out by adding acetone (200 mL). After
freeze drying with benzene, polymer 24 was obtained in 96% yield (1.83 g).
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9.4.1.3 Synthesis of Poly(p-phenylene) 5559a

Br Br

OAc

AcO

Ni(COD)2/COD/bpy

DMF, 60 °C, 48 h

OAc

AcO

n

53 54

1. LiAlH4, THF

2. HCl

OH

HO

n

55

(1) Under nitrogen, a solution of 1,4-dibromo-2,5-diacetoxybenzene 53
(2.0 g, 5.7 mmol), Ni(COD)2 (3.13 g, 11.4 mmol), 1,5-cyclooctadiene (1.23 g,
11.4 mmol), and bipyridine (Bpy) (1.77 g, 11.4 mmol) in DMF (50 mL) was
stirred at 60◦C for 48 h. The reaction mixture was concentrated to 10 mL and
poured into dilute HCl. After filtration, the cream precipitate was washed with
dilute HCl (twice), an aqueous solution of disodium ethylenediaminetetraacetate
(twice) and dilute HCl (once) in this order and dried under vacuum. Polymer
54 was obtained in 72% yield. GPC (polystyrene standards): Mw = 3400
(polydispersity index (PDI) = 1.6). (2) A mixture of polymer 54 (0.30 g,
1.6 mmol) and LiAlH4 (0.25 g, 6.5 mmol) in THF (50 mL) was stirred at 40◦C
for 48 h. After being cooled to room temperature, the solvent was removed
by rotary evaporation. The residue was washed with dilute HCl repeatedly to
give polymer 55 as a black solid in 100% yield. GPC (polystyrene standards):
Mw = 4800, Mn = 3400.

9.4.1.4 Synthesis of Poly(2,5-Benzophenone) 5759b

NiCl2(10%)/Zn
O

ClCl

56

O

57

n

PPPh3/Bipyridine
DMF, 70 °C

Under argon, to a mixture of 2,5-dichlorobenzophenone (2.5 g, 10 mmol), zinc
(2.0 g, 30.6 mmol), NiCl2 (0.13 g, 1 mmol), PPh3 (1.04 g, 4 mmol), and bipyri-
dine (01.6 g, 1.01 mmol) was added 30 mL DMF. The mixture was heated to
70◦C and stirred at that temperature for 20 h. The reaction mixture was then dis-
persed into acetone. The solid was filtered and washed with 5% HCl (3 times),
water (3 times), and acetone. Polymer 57 was obtained in quantitative yield as a
yellowish powder. GPC (polystyrene standards): Mw = 58,000.
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9.4.1.5 Synthesis of Poly(p-phenylene) Containing Azobenzene Unit 6060

I N

IN +
O

B
O

B
O

C6H13

O
C6H13

58 59

Pd(PPh3)4NaOH, DMA, H2O

N

N

C6H13

C6H13

n

60

Under nitrogen, a mixture of 58 (0.174 g, 0.40 mmol), 59 (0.166 g, 0.40 mmol),
Pd(PPh3)4 (0.0139 g, 0.012 mmol), NaOH (0.064 g, 1.6 mmol), H2O (0.8 mL),
and DMA (5.0 mL) was stirred at 110◦C for 48 h. The reaction mixture
was poured into MeOH (100 mL) and filtered. The solid was washed with
MeOH–H2O (1 : 1) and then with MeOH. After drying under vacuum, the
polymer was redissolved in toluene and reprecipitated with MeOH in 100% yield.
GPC (polystyrene standards): Mn = 7700 (PDI = 1.8).

9.4.1.6 Synthesis of Water-Soluble Poly(p-phenylene) 6361

Br

O(CH2)3SO3Na

O(CH2)3SO3Na

Br

61

B(OH)2

B(OH)2

62

+
Pd(0), Na2CO3

DMF/H2O

NaO3S(H2C)3O

O(CH2)3SO3Na

n

63

A mixture of 1,4-dibromo-2,5-bis(3-sulfonatopropoxy)benzene 61 (0.78 g,
1.39 mmol), 60 (0.23 g, 1.39 mmol), Na2CO3 (0.99 g) in doubly distilled water
(47 mL), and DMF (20 mL) was heated at 85◦C until the solids were completely
dissolved. The resulting solution was cannulated to a 200-mL Schlenk flask
with tris[(sulfonatophenyl)phosphine]palladium(0) (0.045 g) and the mixture was
stirred at 85◦C for 10 h. The reaction mixture was concentrated to 25 mL by
boiling and filtered. The filtrate was added dropwise to cold acetone (250 mL) to
precipitate out the polymer. The polymer was collected by filtration, redissolved
in a minimum of hot water, and reprecipitated by cooling. After repeating this
procedure twice, the polymer was redissolved in distilled water and dialyzed for
72 h in 3500 g·mol−1 cutoff membrane. After drying under vacuum, polymer 63
was obtained in 64% (0.42 g).
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9.4.1.7 Synthesis of Poly(p-phenylene) 6662

Br

COOH

Br   +

HOOC

B
O

O
B

O

O

64 65

Pd[P(C6H5)2(m-C6H4SO3Na)]3 H2O, DMF, NaHCO3, 85˚C

66

HOOC

COOH

n

Under nitrogen, a mixture of 64 (0.080 g, 2.00 mmol), 65 (0.5878 g, 2.00 mmol),
Pd catalyst (0.074 g, 0.06 mmol) in aqueous NaHCO3−HOAc (42 mL, pH 8.0,
0.2 M), and DMF (18 mL) was stirred at 85◦C for 10 h. The resulting mixture
was poured into dilute HCl (0.5% w/v) and the mixture was stirred at room
temperature for 2 days. The polymer was collected by centrifugation and washed
four times with H2O (20 mL). The crude polymer was dissolved in Na2CO3

(0.1 M), filtered, and reprecipitated with dilute HCl. The precipitation is repeated
and followed by washing with EtOH (95%, 20 mL) twice and dried. Polymer 66
was obtained in 87% yield (0.681 g).

9.4.1.8 Synthesis of Polymer 6963

Si
(HO)2B B(OH)2

C4H9C4H9

Si
C6H13C6H13

S S
Br Br

+

Pd2(dba)3, CHCl3

PPh3, Na2CO3

THF/H2O=4/1
reflux, 72 h

67 68

Si
C4H9C4H9

Si
C6H13C6H13

S S

n

69
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A mixture of 67 (0.868 g, 2.0 mmol), 68 (1.450 g, 2.0 mmol), [Pd2(dba)3]·CHCl3
(0.104 g, 0.10 mmol), PPh3 (0.105 g, 0.40 mmol), and Na2CO3 (0.424 g, 4.0 mmol)
in THF–H2O (4 : 1, 20 mL) was refluxed for 72 h. The reaction mixture was poured
into hexanes (400 mL) and vigorously stirred. The precipitate was collected by
filtration. The solid collected was suspended in MeOH–H2O (1 : 1, 120 mL) and
sonicated for 10 min. The insoluble part was collected and washed with MeOH
(80 mL) and hexanes. Soxhlet extraction from the residue with THF gave the soluble
polymer 69 in 98% yield (1.78 g) as a bronze solid. GPC (polystyrene standards):
Mw = 48,700, Mn = 18,400.

9.4.1.9 Synthesis of Poly(phenylenevinylene) 7253a

I

C4H9

I    +

C4H9

70 71

Pd(OAc)2, P(o-tolyl)3

Et3N, DMF

72

n

C4H9

C4H9

To a DMF (5 mL) solution of p-divinylbenzene (0.130 g, 1 mmol), 2,5-dibutyl-
1,4-diiodobenzene (0.474 g, 1 mmol), Pd(OAc)2 (0.009 g, 0.04 mmol), and tri-o-
tolylphosphine (0.061 g, 0.2 mmol) was added Et3N (0.35 mL, 2.5 mmol). The
reaction mixture was heated at 100◦C for 5 h under N2 and then poured into
MeOH (20 mL). The solid was collected by filtration. The solid was redissolved
in a minimum amount of CHCl3 and precipitated from acetone. The resulting
polymer was extracted with MeOH for 24 h and then dried under vacuum at
40◦C for 2 days. Yield: 87%. GPC (THF, polystyrene standards): Mw = 32,000,
Mn = 8300 (PDI = 3.85).

9.4.1.10 Synthesis of Poly(phenylenevinylene) 7453b

Br

C8H17

C8H17 C8H17

C8H17

Br    +

73 71

Pd(OAc)2, P(o-tolyl)3Et3N, DMF

C8H17

C8H17 C8H17

C8H17

n
74
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Under nitrogen, to a heavy-wall pressure tube were added Et3N (2.0 mL),
p-divinylbenzene (0.155 g, 1.2 mmol), 73 (1.0 g, 1.2 mmol), Pd(OAc)2 (0.011 g,
0.05 mmol), tri-o-tolylphosphine (0.071 g, 0.23 mmol), and DMF (5 mL). The
tube was degassed, sealed, and heated to 100◦C. After 40 h, the reaction mixture
was poured into methanol (75 mL). The precipitate was collected by filtration
and dried under vacuum to give a brown-yellow polymer (0.88 g, conversion
91%). The crude polymer was redissolved in CHCl3 and filtered through a
small column of Kieselgel to remove traces of catalyst. The resulting solution
was concentrated and precipitated from MeOH (75 mL). The yellow solid
was collected by filtration and dried under vacuum. GPC (THF, polystyrene
standards): Mw = 4500 (PDI = 1.7).

9.4.1.11 Synthesis of Poly(phenylenevinylene) 7764

Under nitrogen, n-Bu3N (0.32 mL, 1.34 mmol) was added to a mixture of
divinylbenzene (0.070 g, 0.545 mmol), 75 (0.5890 g, 0.5400 mmol), 76 (0.010 g,
0.0054 mmol), Pd(OAc)2 (0.0049 g, 0.0217 mmol), and tri-o-tolylphosphine
(0.0329 g, 0.108 mmol) in DMF (5 mL). The reaction mixture was stirred at
90◦C overnight and then poured into methanol. The precipitate was collected
and redissolved in CHCl3. After filtration to remove the catalyst residue, the
filtrate was concentrated and precipitated repeatedly. The resulting polymer was
further purified by extraction in a Soxhlet extractor with MeOH for 24 h and then
dried under vacuum at 40◦C for 24 h. GPC (polystyrene standards): Mn = 18,000
(PDI = 1.9).

9.4.1.12 Synthesis of Poly(phenyleneethynylene) 7952a

OC12H25

I

OC12H25

H

OC12H25

OC12H25

Pd(dppf)Cl2 CH2Cl2, CuI

Et3N, Toluene, reflux, 48 h

78 79

n

Under nitrogen, a mixture of 78 (4.26 g, 10 mmol), Pd(dppf)Cl2·CH2Cl2 (0.16 g,
2 mol %), CuI (0.11 g, 6 mol %) in Et3N (10 mL) and toluene (50 mL) was
stirred at reflux for 48 h. The reaction mixture was poured into MeOH and the
solid was centrifuged and dried under vacuum. The crude polymer was dissolved
in CH2Cl2 and passed through a short column of silica gel to remove trace
amount of catalyst. The resulting solution was concentrated and precipitated
with MeOH to give polymer 79 in 87% yield. GPC (polystyrene standards):
Mn = 8399 (PDI = 3.82).
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9.4.1.13 Synthesis of Poly(aryleneethynylene) 8252b

OC12H25

CH3

H H

S
I I

OC12H25

CH3

S

Pd(dppf)Cl2 CH2Cl2, CuIEt3N, Toluene, reflux, 48 h

+

80 81

82

x

x n

x = 1

Under nitrogen, a mixture of 80 (3.24 g, 10 mmol), 81 (10 mmol),
Pd(dppf)Cl2·CH2Cl2 (0.16 g, 2 mol %), and CuI (0.11 g, 6 mol %) in Et3N
(10 mL) and toluene (50 mL) was stirred at reflux for 48 h. The reaction mixture
was poured into MeOH and the solid was centrifuged and dried under vacuum.
The crude polymer was dissolved in CH2Cl2 and passed through a short column
of silica gel to remove the trace amount of catalyst. The resulting solution was
concentrated and precipitated with MeOH to give polymer 82 in 81% yield. GPC
(polystyrene standards): Mn = 3563 (PDI = 2.35).

9.4.1.14 Synthesis of Poly(phenyleneethynylene) 8552c

NHN

BrBr

OH

+

83 84

HH

Et3N, DMF, 100 οC, 48 h Pd(PPh3)4, CuI

85
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NHN

OH

n
85

Et3N, DMF, 100 οC, 48 h Pd(PPh3)4, CuI

83  +  84

Under nitrogen, anhydrous DMF (10 mL) was added to a mixture of 83 (0.240 g,
0.5 mmol), 84 (0.063 g, 0.5 mmol), and Et3N (1 mL). Pd(PPh3)4 (0.027 g,
0.025 mmol) and CuI (0.005 g, 0.025 mmol) were then added and the reaction
mixture was stirred at 100◦C for 48 h. After being cooled to room temperature,
the reaction mixture was poured into MeOH and filtered. The solid was washed
with MeOH and dried under vacuum. The repetition of the precipitation procedure
gave polymer 85 as orange powder in 96% yield (0.212 g). GPC (polystyrene
standards): Mn = 15,100.

9.4.1.15 Synthesis of Poly(aryleneethynylene) 8765

S
II

C6H13

Pd(PPh3)4, CuI

S

C6H13

NEt3, Toluene, r.t., 96 h

8684

87

+

n

Under nitrogen, a mixture of 84 (2.15 mmol), 86 (2.15 mmol), Pd(PPh3)4 (0.02
mmol), and CuI (0.04 mmol) in Et3N (1.5 mL) and toluene (12 mL) was stirred
at 110◦C for 2 h. After cooling to room temperature, the reaction mixture was
poured into MeOH and filtered. The solid was washed with MeOH repeatedly and
dried under vacuum to give polymer 87 in 93% yield. Light-scattering method
gave Mw = 9600.
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9.4.1.16 Synthesis of Poly(phenyleneethynylene) 8966

OAc

AcO

Br Br

OC12H25

C12H25O

Pd(PPh3)4, CuI

OAc

AcO

OC12H25

C12H25O

Tolene:Et3N = 1:1

     60 οC, 24 h

+

53 88

89

n

Under nitrogen, a mixture of 53 (0.200 g, 0.57 mmol), 88 (0.280 g, 0.57 mmol),
Pd(PPh3)4 (0.033 g, 0.028 mmol), and CuI (0.0054 g, 0.028 mmol) in 1 : 1
toluene and Et3N was stirred at 60◦C for 24 h. The polymer 89 was extracted with
CHCl3 and precipitated with MeOH in 89% yield. GPC (polystyrene standards):
Mn = 7700, Mw/Mn = 1.7.

9.4.1.17 Synthesis of Ferrocenyl-Containing Poly(aryleneethynylene) 9267

I

I

C12H25

C12H25

Fe

C12H25

C12H25

Fe

+

1. EtMgBr/THF 2. Pd(OAc)2, PPh3, THF

90 91

92

n
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Under nitrogen, to a solution of 90 (0.15 g, 0.32 mmol) in THF (5 mL) was added
EtMgBr (0.670 mL, 0.96 M in THF) and the mixture was stirred at room temper-
ature for 1.5 h. The reaction mixture was then added to a mixture of 91 (0.14 g,
0.32 mmol), Pd(OAc)2 (0.03 g, 0.01 mmol), and PPh3 (0.03 g, 0.01 mmol). The
resulting mixture was stirred at reflux for 2 h. Diluted HCl was then added and the
product was extracted with CHCl3. After concentration, the residue was washed
with MeOH repeatedly and dried under vacuum to give polymer 92 in 100%
yield (0.206 g). GPC (polystyrene standards): Mw = 6900, Mn = 4700.

9.4.1.18 Synthesis of Poly(phenyleneethynylene) 3068

I I

OC14H29

C14H29O

Pd(PPh3)4, CuI

OC14H29

C14H29O

+

Toluene, diisopropylamine

            65 οC, 3 days

93 94

30

n

Under argon, a mixture of 93 (0.040 g, 0.084 mmol), 94 (0.063 g, 0.084 mmol),
Pd(PPh3)4 (0.010 g, 0.0086 mmol), and CuI (0.010 g, 0.053 mmol) in
diisopropylamine–toluene (2 : 3, 2.5 mL) was stirred at 65◦C for 3 days. The
reaction mixture was extracted with CHCl3. The organic solution was washed
with water and aqueous NH4Cl and dried (MgSO4). After concentration, the
residue was precipitated from MeOH. Repetitive precipitation–centrifugation



502 NONTRADITIONAL STEP-GROWTH POLYMERIZATION

using THF and MeOH (three times) gave polymer 30 in 75% yield (76 mg).
GPC (polystyrene standards): Mn = 144,000 (PDI = 2.6).

9.4.1.19 Synthesis of Poly(thiophenepyridine) 9654a

N
Br

S
Br Ni(COD)2/bpy

DMF
N

S

95 96

n

Under nitrogen, 2,2′-bipyridine (0.322 g, 2.07 mmol) was added to a mixture
of Ni(COD)2 (0.570 g, 2.07 mmol) in anhydrous DMF (18 mL) and the mix-
ture was stirred at room temperature for 1 h. Then 95 (0.510 g, 1.60 mmol) was
added and the reaction mixture was stirred at 60–70◦C for 28 h. After cool-
ing to room temperature, HCl (100 mL, 2 M) was added and the mixture was
stirred overnight. After filtration, the solid was washed with a mixture of MeOH
(60 mL) and concentrated HCl (10 mL), a warm aqueous solution of ethylene-
diaminetetraacetic acid (EDTA) (pH 9, then pH 3), dilute ammonia, water, and
MeOH repeatedly and dried under vacuum for 20 h at 80◦C. Polymer 96 was
obtained in 100% yield (0.261 g). Light scattering gave Mw = 5400.

9.4.1.20 Synthesis of Poly(phenylenethiophene) 9969

S
SnMe3Me3Sn

OC12H21

Br Br

Me

Pd(PPh3)2Cl2
S

OC12H21

Me

+ nTHF, reflux

97 98 99

Under nitrogen, a mixture of 97 (2 eq.), 2,6-dibromo-1-dedocyloxy-4-
methylbenzene 98 (1 eq.), and Pd(PPh3)2Cl2 in THF was stirred at reflux for
24 h. Polymer 99 was purified by repetitive precipitation–centrifugation using
THF and MeOH. GPC (polystyrene standards): Mn = 1700, PDI = 1.4.

9.4.1.21 Synthesis of Poly(thiophene) 2215

S

BocHN NHBoc

SnBu3Bu3Sn S

NO2O2N

BrBr S

BocHN NHBoc

O2N NO2

S

AsPh3, THF, 80 ˚C
n

+
Pd2(dba)3, CuI

20 21 22

Under nitrogen, Pd2(dba)3 (0.0377 g, 0.0412 mmol), CuI (0.0393 g, 0.2063 mmol),
and AsPh3 (0.0252 g, 0.0824 mmol) were added to a mixture of 20 (1.8392 g,
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2.06 mmol) and 21 (0.6978 g, 2.10 mmol) in THF (5.0 mL). The reaction mixture
was stirred at 80◦C for 72 h. After being cooled to room temperature, the mixture
was poured into a solution of KF (10 mL, 1 M in H2O) and stirred for 30 min fol-
lowed by filtration. The filtrate was extracted with CH2Cl2 and dried over Na2SO4.
After concentration, the residue was dissolved in acetone (5 mL) and precipitated
with hexane (200 mL). Repeating the dissolvation and precipitation sequence gave
polymer 22 in 86% yield (0.86 g). GPC (polystyrene standards): Mw = 10,200,
Mn = 7000.

9.4.1.22 Synthesis of Ladder Polymer 10242b

SBu3Sn SnBu3
+

Br
R

O

R

O
Br

97 100

Pd(PPh3)2Cl2, 
THF

1. LiAlH4
2. BF3Et2O, CH2Cl2

nC10H21

S

S
R

n
R

R

R =

S R

S

R

R

O

O

O

R

O
101

102

n

Under nitrogen, a mixture of 97 (0.955 g, 1.5 mmol) and 100 (1.088 g, 1.5 mmol)
in 20 mL of THF was added Pd(PPh3)2Cl2 (0.050 g) in THF (5 mL). The mixture
was stirred at reflux for 3 days. After cooling to room temperature, CH2Cl2

(50 mL) was added and the organic layer was separated and washed with H2O
and 2 N HCl. After concentration, the polymer was precipitated with MeOH
(1 : 10). Repeating the dissolvation and precipitation procedure gave polymer
101 in 73% yield. GPC (polystyrene standards): Mn = 15,500, PDI = 1.8. The
resulting polymer was then treated with lithium aluminum hydride (LAH) in
THF followed by the treatment of BF3·Et2O to give ladder polymer 102. GPC
(polystyrene standards): Mn = 17,000 (PDI = 2.0).

9.4.1.23 Synthesis of Poly(pyridine) 10670

Under nitrogen, THF (20 mL) and NMP (10 mL) were added to a mixture
of 103 (1.81 g, 2.04 mmol), 104 (0.81 g, 2.00 mmol), Pd(PPh3)2Cl2 (0.028 g,
0.04 mmol), and CuI (0.008 g, 0.04 mmol). The reaction mixture was stirred at
90◦C for 2 days. After cooling to room temperature, CH2Cl2 was added and the
mixture was filtered through a pad of Celite. The filtrate was concentrated to ca.
10 mL and acetone (150 mL) was added dropwise. The precipitate was collected
by filtration and dissolved in a minimum amount of CHCl3 to repeat the precip-
itation procedure. Polymer 105 was obtained as a brown solid (0.695 g). GPC
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(polystyrene standards): Mn = 15,250, Mw = 65,700. To a solution of polymer
105 (0.565 g) in CH2Cl2 (20 mL) was added trifluoroacetic acid (10 mL). The
mixture was refluxed overnight. After cooling to room temperature, the solution
was added slowly and carefully to a mixed solvent of CH2Cl2 (35 mL) and Et3N
(35 mL). The precipitate was collected. The solid obtained was suspended in
Et3N (15 mL) and heated to 100◦C for 10 h and 180◦C for 1 day. Filtration fol-
lowed by washing with CH2Cl2 and Et2O yielded polymer 106 as a dark brown
solid in 74% yield (0.380 g).

9.4.1.24 Synthesis of Planar Polymer 10971

SBu3Sn SnBu3

NHBocBocHN
Br

C12H25

C12H25
Br

O

O

TFA

CH2Cl2

N

S

N N

C12H25

C12H25C12H25

C12H25

N

S

S

NHBocBocHN

C12H25

O

C12H25

O

+

Pd2(dba)3, AsPh3THF, 80 οC

20 107

108109

n

n/2

(1) Under nitrogen, Pd2(dba)3 (0.00927 g, 0.0100 mmol) and AsPh3 (0.0061 g,
0.0200 mmol) were added to a mixture of 20 (0.4374 g, 0.4900 mmol) and 107
(0.3140 g, 0.5000 mmol) in THF (5.0 mL). The reaction mixture was stirred
at 80◦C for 72 h. After cooling to room temperature, the mixture was poured
into a solution of KF (10 mL, 1 M in H2O) and stirred for 30 min followed by
filtration. The filtrate was extracted with CH2Cl2 and dried over Na2SO4. After
concentration, the residue was dissolved in acetone (5 mL) and precipitated with
hexane (200 mL). Repeating the dissolvation and precipitation gave polymer
108 in 51% yield (0.20 g). GPC (polystyrene standards): Mn = 9.400, Mw =
15,000. (2) Under nitrogen, trifluoroacetic acid (1.5 mL) was added to the mixture
of polymer 108 (0.1302 g, 0.1666 mmol) in CH2Cl2 (1.5 mL) and the reaction
mixture was stirred at room temperature for 12 h and then poured into a solution
of NaOH (10 mL, 3 M). The mixture was stirred for another 2 h and heated
to evaporate CH2Cl2. After filtration, the solid was washed with H2O, CH2Cl2,
and ether. To this solid was added Et3N and the mixture was stirred at 80◦C
for 12 h. After cooling to room temperature, the solid was collected by filtration
and washed with H2O, ether, and CH2Cl2 and dried to give polymer 109 in 91%
yield (0.0847 g).
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9.4.1.25 Synthesis of Poly(arylamine) 2621b

Br Br

HN NH

+

1

25

Pd(OAc)2, t-Bu3P
t-BuONa, benzene

90 °C, 3 days

N N
n

26

Under nitrogen, a mixture of 1,4-dibromobenzene (0.25 mmol), diamine 25 (0.25
mmol), NaO-t-Bu (72 mg, 0.75 mmol), and 0.25 mL (0.5 mmol%) solution of
benzene that is 0.01 mM in Pd(OAc)2 and 0.03 mM in-t-Bu3P was stirred in a
sealed vial at 90◦C for 3 days. After 2 mL of 0.5 M citric acid was added, the
reaction mixture was extracted with toluene and washed with 5% KCN. After
concentration, the solid was dissolved in a minimum of toluene. The polymer was
obtained by precipitation from MeOH (50 mL) in 95% yield. GPC (polystyrene
standards): Mw = 102,100 and Mn = 13,600.

9.4.1.26 Synthesis of Poly(m-arylamine) 11272

Br Br H2N NH2

+
Pd2(dba)3, BINAP

t-BuONa, THF
90 °C, 24 h N

H
N
H n

110 111 112

To a mixture of 1,3-dibromobenzene (4.36 g, 18.49 mmol), 1,3-phenylene diamine
111 (2.00 g, 18.49 mmol), NaO-t-Bu (3.73 g, 38.84 mmol), Pd2(dba)3 (0.339 g,
0.37 mmol), and BINAP (0.691 g, 1.11 mmol) in a heavy-walled flask equipped
with a Teflon valve was added THF (15 mL) under inert atmosphere. The flask
was sealed and heated to 90◦C. After 24 h, the reaction mixture was cooled to
room temperature and neutralized using 0.2 mol equivalents of 2.4 N HCl in
MeOH. The polymer was precipitated from hexanes, filtered, and dried under
vacuum. The dried polymer was redissolved in THF, filtered through Celite, and
reprecipitated. The solid was collected by filtration and then purified by Soxhlet
extraction with CH2Cl2 overnight. After drying under vacuum, a green-tan solid
was obtain in ∼106% yield. GPC (NMP, polystyrene standards): Mw = 39,000;
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Mn = 11,000; PDI = 3.6. GPC (THF, polystyrene standards): Mw = 8800, Mn =
5600 (PDI = 1.6).

9.4.1.27 Synthesis of Polymer 4336b

NH  +  CH3COHN

O

OCCH3

O

113 114

Pd(acac)2, dppe

DBU, THF
NN

n

43

Under nitrogen, a mixture of 113 (0.344 g, 2 mmol), 1,8-diazabicyclo[5,4,0]
undec-7-ene (DBU) (0.913 g, 6 mmol), Pd(acac)2 (0.0061 g, 0.02 mmol), and
1,2-bis(diphenylphosphino)ethane (dppe) (0.0159 g, 0.04 mmol) in THF (1 mL)
was stirred at 50◦C to produce a homogeneous mixture. Then 114 (0.172 g,
2 mmol) in THF (4 mL) was added and the mixture was stirred at 50◦C for 5 h.
The resulting reaction mixture was poured into MeOH (50 mL) and the polymer
43 was collected by filtration which was further purified by reprecipitation
from CHCl3 with adding CH3OH. After drying under vacuum, polymer 43 was
obtained in 86% yield (273 mg). Vapor pressure osmometry (40◦C, CHCl3):
Mn = 2100.

9.4.2 Linear Polymer with Chiral Units

9.4.2.1 Synthesis of Poly(thiophene) 11724a

S

S
BrBr

O

O O

O

O

O

S

S
Br Br+

1. BuLi, THF
2. Me3SnCl, THF

3. PdCl2(Ph3As)2

115 116

117

nS

S

O

O O

O

O

O
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Under nitrogen, 115(1 eq.) was reacted with BuLi (2 eq.) at 0◦C for 1 h followed
by treatment with trimethyltin chloride (2.5 eq.) in THF at room temperature for
30 min. Then a solution of 116 (1 eq.) and PdCl2(Ph3As)2 (0.02 eq.) in THF
was combined and the mixture was stirred at reflux overnight. The polymer was
precipitated with MeOH followed by filtration and dried under vacuum. GPC
(polystyrene standards): Mn = 2000.

9.4.2.2 Synthesis of Polycyclophane 3638

O O

Br

Br

B(OH)2

O O

B(OH)2

Pd(PPh3)4

1 M K2CO3
THF

O

O

+

118 119 36

n

Under nitrogen, a solution of 118 (0.606 g, 1.5 mmol) and 119 (0.5 g, 1.5 mmol)
in THF (20 mL) was added to 1 M K2CO3 (20 mL). Pd(PPh3)4 (26 mg,
1.5 mol %) in THF (5 mL) was added and stirred at reflux for 2 days. The
reaction mixture was then poured into MeOH (200 mL). The precipitated polymer
was collected by filtration, washed with dilute HCl (50 mL), and redissolved
in CHCl3. The resulting solution was dried and concentrated and MeOH was
added to precipitate out polymer 36 in 48% yield (0.533 g). GPC (polystyrene
standards): Mw = 12,700, Mn = 3000.

9.4.2.3 Synthesis of Polyketone 2822

I
C3H7

O
Pd(OAc)2, BINAP

O
O

C3H7

C3H7

27

t-BuONa,THF

n

28

Under nitrogen, a mixture of 27 (1 mmol), Pd(dba)3 (1.5 mmol %), BINAP
(3.6 mmol %), and t-BuONa in 3 mL THF was stirred at 60–90◦C for 10 h. After
cooling to room temperature, MeOH was added to precipitate out the polymer
in 65% yield. GPC (polystyrene standards): Mw = 13,200, Mn = 10,100.
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9.4.2.4 Synthesis of Optically Active Polymer 3557

SBr

HN

S Br

NH

120

OC8H17

C8H17O

121

+

S

HN

S C

NH

35

Pd(PPh3)4
CuI

Toluene/iPr2NH

C

OC8H17

C8H17O

C C
n

In a toluene–i-Pr2NH mixture (25 mL/10 mL), 120 (0.474 g, 1.02 mmol) was
reacted with 121 (0.390 g) in the presence of Pd(PPh3)4 (4 mol %) and CuI
(4 mol %). Polymer 35 was obtained in 90% yield. GPC (polystyrene standards):
Mw = 11,900 (PDI = 1.7); [α]D = −65◦ (c = 0.9, THF).

9.4.2.5 Synthesis of Optically Active Poly(1,1′-bi-2-naphthyl) 1654c

15

OROR

OR OR

16

R = C6H13

Br

Br

OMOM

OMOM

Ni(1, 5-COD)2
1, 5-COD, Bipyridine

DMF

OR OR

OROR
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Under nitrogen, to a 50-mL Schlenk flask were added (R)-15 (0.855 g,
1.42 mmol), bis(cyclooctadiene)nickel(0) [(1,5-COD)2Ni] (0.489 g, 1.76 mmol),
2,2′-bipyridine (0.330 g, 2.09 mmol), and 1,5-cyclooctadiene (1,5-COD)
(0.6 mL, 4.9 mmol) in anhydrous DMF (9 mL), and the reaction mixture was
heated at 70◦C for 21 h. Aqueous HCl (1 N , 25 mL) was then added to
the reaction mixture at room temperature and was extracted with CH2Cl2

(2 × 25 mL). The organic layer was passed through a plug of silica gel and
concentrated under vacuum. The polymer was precipitated out with MeOH and
isolated after centrifugation. The yield of (R)-16 is 58%. GPC (polystyrene
standards): Mw = 15,000, Mn = 6800 (PDI = 2.2); [α]D = −215◦ (c = 0.52,
CH2Cl2).

9.4.2.6 Synthesis of Optically Active Poly(phenylenevinylene) 12473

OR
OR

(HO)2B

(HO)2B

Br

Br

Pd(PPh3)4

OR OR OR OR

OROROROR

R = C6H13

+

1 M K2CO3, THF

123122

124

Under nitrogen, a solution of Pd(PPh3)4 (0.058 g, 0.050 mmol) in THF (5 mL)
was added to the mixture of (R)-122 (0.544 g, 1 mmol) and 123 (0.440 g,
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1 mmol) in THF (10 mL). The reaction mixture was stirred at reflux for 48 h.
After cooling to room temperature, CH2Cl2 (100 mL) was added. The organic
layer was washed with 1 N HCl (30 mL) and brine. The solvent was removed
by evaporation under vacuum. The residue was dissolved in THF and precip-
itated with MeOH. This procedure was repeated twice. Polymer (R)-124 was
obtained in 95% yield (695 mg). GPC (polystyrene standards): Mw = 67,000,
Mn = 20,000 (PDI = 3.4); [α]D = −351◦ (c = 0.38, THF).

9.4.2.7 Synthesis of Optically Active Poly(binaphthol) 3444

OMOM

OMOM

I

I

OR

OR

B(OH)2

(HO)2B

HO OH

OHOH

OR

RO

OH OH

OR

RO

R = C6H13

+

1. Pd(PPh3)4
   1 M K2CO3, THF

2. HCl

37 125

34

To a flask containing (R)-37 (13.70 g, 22.0 mmol), 125 (8.0 g, 22.0 mmol), THF
(75 mL), and 1 M K2CO3 (100 mL) was added Pd(PPh3)4 (0.5 g in 25 mL THF),
and the reaction mixture was heated at reflux under nitrogen for 36 h. EtOAc was
then added. The organic layer was washed with H2O and filtered. After removal
of EtOAc with rotary evaporation, the residue was redissolved in CH2Cl2 and
precipitated with MeOH. This procedure was repeated three times. After being
dried under vacuum, the resulting polymer was dissolved in THF (30 mL) to
which 6 N HCl (20 mL) was added subsequently. After the mixture was heated
at reflux for 16 h, CH2Cl2 was added. The organic layer was separated and
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washed with H2O. Removal of the solvent with rotary evaporation gave a polymer
residue which was redissolved in CH2Cl2 and precipitated with MeOH. This
procedure was repeated three times. After being dried under vacuum, (R)-34 was
obtained as a yellow solid in 88% yield (two steps). GPC (polystyrene standards):
Mw = 24,300, Mn = 9900 (PDI = 2.5); [α]D = −16.6◦ (c = 0.5, THF).

9.4.2.8 Synthesis of Optically Active Poly(binaphthol) 3918a

I

I

OMOM

OMOM

RO

OR

B(OH)2

RO

OR

(HO)2B

HO OH

OHOH

OR

RO

OR

RO

RO OR

RO OR

HO OH

OR

RO

OR

RO

R = C6H13

1. Pd(PPh3)4,
    1 M K2CO3, THF

2. HCl

+

37 38

39

To a mixture of (R)-37 (5.00 g, 8.0 mmol), 38 (6.20 g, 8.6 mmol), THF (50 mL),
and 1 M K2CO3 (50 mL) under nitrogen was added Pd(PPh3)4 (0.060 g). After
the mixture was heated at reflux for 36 h until the 1H NMR spectrum showed the
disappearance of the iodide endgroup signals, 4-tert-butylbromobenzene (0.5 mL,
2.9 mmol) was added to the mixture to cap the polymer chain by reaction with the
boronic acid endgroups. The mixture was heated at reflux for another 5.5 h and
then cooled to room temperature. Ethyl acetate was added and the organic layer
was washed with brine. Evaporation of the solvent gave a yellow residue that
was redissolved in CH2Cl2 and precipitated with methanol. This procedure was
repeated three times. After the residue was dried under vacuum, a polymer was
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obtained as a yellow solid in 94% yield (7.55 g). GPC (polystyrene as standard):
Mw = 24,000, Mn = 12,200 (PDI = 1.97); [α]D = −140.98◦ (c = 1.00, CH2Cl2).
Hydrolysis of this polymer in 6 N HCl–THF at reflux under nitrogen for
17 h gave (R)-39 in 96% yield. GPC (polystyrene standards): Mw = 25,800,
Mn = 14,300 (PDI = 1.80); [α]D = −92.9◦ (c = 1.01, CH2Cl2).

9.4.2.9 Synthesis of Optically Active Poly(BINAP) 12774

PPh2

PPh2

B

B

O

O

O

O

O

R

R

Br Br

O

R

R R

R

PPh2 PPh2 PPh2 PPh2

PPh2 PPh2

R = n-C6H13

+

127

1.  Pd(dppf)Cl2   CH2Cl2  
     2 M  K2CO3, THF

2.  HSiCl3, Et3N,
     Xylene

(R)-126 18

•

Under nitrogen, Pd(dppf)Cl2·CH2Cl2 (0.024 g, 0.03 mmol) and 2 M K2CO3

(8 mL) were added to a solution of (R)-126 (0.092 g, 1.02 mmol) and 2,5-
dihexyl-1,4-dibromobenzene (0.040 g, 1.00 mmol) in THF (10 mL). After the
reaction mixture was stirred at reflux for 51 h, 4-butyl bromobenzene (100 µL)
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was added. The mixture was refluxed for another 18 h to cap the polymer chain
end. The organic layer of the mixture was washed with 1 N HCl (5 mL × 2) and
brine (5 mL × 2). The solvent was removed under vacuum. MeOH (20 mL) was
added to the residue to precipitate out the polymer. The dissolution with CH2Cl2

and precipitation with MeOH were repeated three times to give a polymer as
a dark brown solid. To the resulting polymer (0.60 g, 0.67 mmol) in o-xylene
(50 mL) and Et3N (7 mL) was added HSiCl3 (5 mL). The reaction mixture was
heated at reflux for 48 h. After cooling to room temperature, NaOH (30%, 30 mL)
was added carefully and the mixture was stirred for another 10 min. The resulting
mixture was quickly extracted with degassed CH2Cl2 (50 mL × 3). The extract
was concentrated to 20 mL and filtered. The filtrate was further concentrated
and degassed MeOH was added to precipitate out the polymer. Quickly repeat-
ing the dissolution with CH2Cl2 and precipitation with methanol three times gave
(R)-127 as a yellow solid in 75% yield (two steps). GPC (polystyrene standards):
Mw = 5800, Mn = 4300 (PDI = 1.35); [α]D = 36.6◦ (c = 0.12, THF).

9.4.2.10 Synthesis of Optically Active 13075

Pd(dppf)Cl2  CH2Cl2·K2CO3 (aq.), THF

PPh2

PPh2

B

B

O

O

O

O

O

O

OMOM

OMOM

B

B

O

O

O

O

Br

Br

OR

OR

OR

OR

+

128

+

129

130

126
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Pd(dppf)Cl2  CH2Cl2·K2CO3 (aq.), THF

OR′OR′
ORRO RO OR

RO

OR RO

OR

PPh2 PPh2 PPh2 PPh2

OO O O

126  +  128  +  129

R = C6H13, R′ = CH2OCH3

130

Under nitrogen, a mixture of (R)-128 (0.13 g, 0.20 mmol), 129 (0.32 g,
0.40 mmol), and (R)-126 (0.18 g, 0.20 mmol) in THF (20 mL) was degassed for
20 min. The resulting mixture was combined with Pd(dppf)Cl2·CH2Cl2 complex
(0.032 g, 0.04 mmol) and 2 M aqueous K2CO3 (12 mL, degassed). The reaction
mixture was stirred at reflux for 46 h. 4-tert-Butyl bromobenzene (0.100 mL) was
then added and the mixture was then stirred at reflux for another 10 h in order to
cap the polymer chain end. After cooling to room temperature, the organic layer
was concentrated. The polymer was precipitated out with MeOH. Repeating the
dissolution with CH2Cl2 and precipitation with MeOH three times gave polymer
130 as a gray solid in 93% yield (0.42 g).

9.4.2.11 Synthesis of Optically Inactive Poly(phenylene-thiophene) 13240

Pd(PPh3)41 M K2CO3, THF

OR

OR

(HO)2B

(HO)2B

SBr Br
+

122 131

132
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Pd(PPh3)41 M K2CO3, THF

OR OR

S

OROR

S

OROR

S

R = n-C6H13

122  +  131

132

Under nitrogen, Pd(PPh3)4 (0.027 g, 0.024 mmol) and 1 M K2CO3 (7 mL) were
added to the solution of racemic 122 (0.46 mmol) and 131 (0.46 mmol) in THF
(8 mL). The reaction mixture was stirred at 60◦C for 48 h. After cooling to room
temperature, CH2Cl2 (20 mL) was added and the organic layer was separated. The
aqueous layer was extracted with CH2Cl2 (20 mL × 2). The combined organic
layer was washed with 1 N HCl and brine and then was concentrated by rotary
evaporation under vacuum. The residue was dissolved in a minimum amount of
THF and MeOH was added to precipitate out the polymer. This procedure was
repeated twice to give 132 as a greenish-yellow solid in 93% yield (0.230 g). GPC
(polystyrene standards): Mw = 35,500, Mn = 13,900 (PDI = 2.6).

9.4.2.12 Synthesis of Optically Active Poly(phenyleneethynylene) 13576

Pd(PPh3)4, CuIEt3N, THF

OR

OR

H

H

I I+

134

135

133

135
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Pd(PPh3)4, CuIEt3N, THF

OR OR

OROR OROR

133  +  134

135135

R = (CH2)17CH3

Under nitrogen, to a 50-mL flame-dried Schlenk flask were loaded (R)-133
(0.210 g, 0.25 mmol), 1,4-diiodobenzene (0.083 g, 0.25 mmol), Et3N (2 mL),
and toluene (8 mL). The resulting solution was degassed for 30 min and then
Pd(PPh3)4 (0.0144 g, 0.013 mmol) and CuI (0.0024 g, 0.013 mmol) were added
in the drybox. After this reaction mixture was refluxed for 48 h, it was filtered to
remove the Et3NHBr precipitate. The salt was rinsed with Et2O. The combined
filtrate was evaporated to dryness and the residue was dissolved in a minimum
amount of CH2Cl2 and precipitated with MeOH (75 mL) twice. After filtra-
tion and drying under vacuum, (R)-135 was obtained as a yellow solid in 96%
yield (0.220 g). GPC (THF, polystyrene standards): Mw = 29,000, Mn = 12,000
(PDI = 2.4); [α]D = −272.2◦ (c = 0.5, CH2Cl2).

9.4.2.13 Synthesis of Propeller-Like Polymer 13777

OR

OR

H

H

NO2O2N

Br Br

Pd(PPh3)4, CuIEt3N, THF

+

133 136

137
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Pd(PPh3)4, CuIEt3N, THF

133  +  136

OROR OROR

O2N NO2 O2N NO2

137

R = (CH2)17CH3

Under nitrogen, to a 50-mL flame-dried Schlenk flask were loaded (R)-133 (0.210 g,
0.25 mmol), 136 (0.082 g, 0.25 mmol), Et3N (1 mL), and THF (4 mL). The result-
ing solution was degassed for 30 min and then Pd(PPh3)4 (0.0144 g, 0.013 mmol)
and CuI (0.0024 g, 0.013 mmol) were added in the drybox. After this reaction
mixture was stirred at room temperature for 2 days, it was filtered to remove the
Et3NHBr salt. The salt was rinsed with Et2O until the filtrate was clear. The com-
bined filtrate was evaporated to dryness to give a brown residue which was dissolved
in a minimum amount of CH2Cl2 and precipitated with MeOH (75 mL) twice. After
filtration and drying under vacuum, (R)-137 was obtained as an orange solid in 83%
yield (0.208 g). GPC (THF, polystyrene standards): Mw = 18,000, Mn = 12,000
(PDI = 1.5); [α]D = −163.9◦ (c = 0.16, CH2Cl2).

9.4.2.14 Synthesis of Optically Active Poly(arylene) 139 54b

OMeOMe

Br Br

O
(Pri)2N

O
N(iPr)2

OMeOMe
O

(Pri)2N
O

N(iPr)2

n

Ni(1,5-cyclooctadiene)

138

139
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To a dry, N2-purged test tube were added Ni(0)(1,5-cyclooctadiene) (0.11 g,
0.4 mmol), 2,2′-bypyridine (0.06 g, 0.4 mmol), (−)-(R, S, R)-138 (0.20 g,
0.25 mmol), DMF (4 mL), and 1,5-cyclooctadiene (0.05 mL, 0.4 mmol)
sequentially. The mixture was then heated to 80◦C overnight. The mixture was
then poured into 3 N HCl and the solid was collected by filtration to give
polymer 139 in 80% yield (0.14 g). GPC (polystyrene standards): Mn = 6800
(PDI = 2.29). [α]23

D = −63 (c = 0.16, THF).

9.4.3 Hyperbranched and Dendritic Polymers

9.4.3.1 Synthesis of Phenyl-Based Hyperbranched Polymer 4032a

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

40

Br

Br(HO)2B

Pd(PPh3)4

Na2CO3

140

Under nitrogen, 3.0 g of 140, 0.030 g of Pd(PPh3)4 in 50 mL organic solvent,
and 20 mL of aqueous Na2CO3 were reacted to give polymer 40 in 80–95%
yield. GPC (polystyrene standards): Mw = 5750, Mn = 3820.

9.4.3.2 Synthesis of Hyperbranched Polyamine 14278

H2N Br

Br

Pd2(dba)3, BINAPt-BuONa

141

142
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NH

NH Br

NH

HN HN

NH2

NH

Br

NH

NH

NH Br

NH

NHHN

Br

Br

Pd2(dba)3, BINAPt-BuONa

141

142

To a mixture of 3,5-dibromoaniline (0.9947 g, 3.96 mmol), NaO-t-Bu
(0.4382 mg, 4.56 mmol), Pd2(dba)3 (0.726 g, 0.08 mmol), and BINAP (0.1481 g,
0.24mmol) in a heavy-walled flask equipped with a Teflon valve was added THF
(15 mL) under inert atmosphere. The flask was sealed and heated to 90◦C. After
24 h, the reaction mixture was cooled to room temperature and was neutralized
using 0.2 mol equivalents of 2.4 N HCl in MeOH. The hyperbranched polymer
was precipitated from hexanes, filtered, and dried under vacuum. The dried
polymer was redissolved in THF, filtered through Celite, and reprecipitated.
The solid was collected by filtration and then purified by Soxhlet extraction
with CH2Cl2 overnight. After drying under vacuum, a green-tan solid (142)
was obtained in 39% yield. GPC (NMP, polystyrene standards): Mw = 7000,
Mn = 2200 (PDI = 3.2).

9.4.3.3 Synthesis of Dendronized Poly(p-phenylene) 4132b

Under nitrogen, tris[tri(p-tolyl)phosphine]-palladium(0) (0.012 g, 1.1 mol %) was
added to a mixture of 143 (1.87 g, 1.01 mmol), 144 (diboronic acid) (0.342 g,
1.03 mmol) in 1 M Na2CO3 (100 mL) and toluene (30 mL). The resulting mix-
ture was stirred at reflux for 48 h. The aqueous phase of the reaction mixture
was washed with toluene (50 mL) and the combined organic layer was dried with
MgSO4. After concentrating to ca. 10 mL, the mixture was poured into MeOH
(300 mL) and polymer 41 was recovered by centrifugation (96% yield). GPC
(polystyrene standards): Mw = 275,500, Mn = 52,400.
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9.4.3.4 Synthesis of Dendronized Poly(phenyleneethynylene) 4232c

O O
O

H3CO

OCH3

O

O
OCH3

OCH3

H3CO

OCH3

O

OCH3

H3CO

OR

OR

51

n

HC

OR

OR

CH

145

I I

132

1. Pd(PPh3)4, CuI,
     iPr2NH, THF, 50 °C

2. Ph H, 50 °C

+

R =

Under argon, a mixture of 145 (0.046 mmol), 132 (0.046 mmol), Pd(PPh3)4

(0.2 µmol), CuI (0.2 µmol), and diisopropylamine (0.015 mmol) in THF (4 mL)
was stirred in the dark at 50◦C for 2 days. Ethynylbenzene (0.92 mmol) was
then added and stirred at 50◦C overnight. After concentration, the residue was
dissolved in CHCl3 and filtered. The filtrate was subjected to preparative SEC
with CHCl3 as eluent in order to remove catalyst residues and unreacted starting
materials. Polymer 42 was obtained as a yellow solid in 85% yield. SEC analysis
(THF, polystyrene standards): Mw = 280,000 (PDI = 6.5).

Abbreviations Used in Structures

BINAP 2,2′-Bis(diphenylphosphino)-1,1′-ninaphthyl
bpy 2,2′-bipyridine
COD 1,5-cyclooctadiene
DBU 1,8-diazabicyclo[5,4,0]undec-7-ene
DMA N ,N ′-dimethylacetamide
DMF N ,N ′-dimethylformamide
DPPF 1,1′-bis(diphenylphosphino)ferrocene
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dppp 1,3-bis(diphenylphosphino)propane
EDTA Ethylenediaminetetraacetic acid
NMP 1-methyl-2-pyrrolidinone
LDA Lithium diisopropylamide
Pd(acac)2 Palladium(II) acetylacetonate
Pd2(dba)3 tris(dibenzylideneacteone)dipalladium
P(o-tolyl)3 tri-o-tolylphosphine
TFA trifluoroacteic acid
THF Tetrahydrofuran
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10.1 INTRODUCTION

10.1.1 Historical Perspective

Poly(ethylene terephthalate) (PET) is one of the most extensively recycled poly-
meric materials. In 1995, 3.5 × 104 tons of PET were recycled in Europe.1 The
main reason for the widespread recycling of PET is its extensive use in plastic
packaging applications, especially in the beverage industry as plastic bottles. The
consistency in terms of volume and availability of postconsumer bottles from
sorting facilities and its high material scrap value create an excellent economic
environment for PET recycling.

The first laboratory samples of PET were prepared by J. R. Whinfield and
J. T. Dickson at a small English company in 1941.2 Development of the new
fiber was delayed by World War II, and public announcement of the invention of
the fiber was not made until 1946. Imperial Chemical Industries purchased the
rights for manufacture of the fiber for all countries except the United States, where
DuPont obtained the manufacturing rights. DuPont introduced its polyester fiber
in 1951 as Dacron. In 1962, Goodyear introduced the first polyester tire cord,
and in the late 1960s and early 1970s, polyesters were developed specifically for
packaging as film, sheet, coatings, and bottles.3

PET is the polyester of terephthalic acid and ethylene glycol. Polyesters are
prepared by either direct esterification or transesterification reactions. In the direct
esterification process, terephthalic acid is reacted with ethylene glycol to pro-
duce PET and water as a by-product. Transesterification involves the reaction of
dimethyl terephthalate (DMT) with ethylene glycol in the presence of a catalyst
(usually a metal carboxylate) to form bis(hydroxyethyl)terephthalate (BHET) and
methyl alcohol as a by-product. In the second step of transesterification, BHET
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undergoes polycondensation in the presence of a catalyst (usually antimony tri-
oxide) to form PET and ethylene glycol as a by-product. Since polyesterification
reactions are equilibrium processes, depolymerization may involve the simple
reversal of the polyesterification reactions by using by-product molecules such as
water, methanol, and ethylene glycol to react with the waste PET. Chemical recy-
cling of PET was initiated nearly parallel to the manufacture of the polymer on
a commercial scale, as demonstrated by patents beginning in the 1950s. Initially,
recycling was used to recover wastes generated during the production stages.
More recently, depolymerization has been directed to the chemical recycling of
postconsumer PET.

However, recycling of bottle-grade PET is more complicated because it is
generally manufactured from a mixture of glycols and dicarboxylic acids. The
glycols may include diethylene glycol and cyclohexanedimethanol and isophthalic
acid. Most PET bottles are based on isophthalic-acid-modified PET1 because
of improved clarity, ductility, and processibility as well as lower crystallinity
compared to homopolymeric PET. In the 1970s, a new technology referred to as
“solid stating” was used to produce higher molecular weight, high-strength PET
which could be melt blown into containers and used as beverage containers.4

PET used in beverage containers has a crystallinity of ca. 25%, although the
maximum crystallinity of PET is 55%. Since the dimensions of the crystallites
are important for clarity, the crystallinity and rate of crystallization are controlled
during the polymerization process by adding a comonomer and during processing
by adding a nucleating agent.

In 1930, DuPont launched the synthetic fiber industry with the discovery of
nylon-6,6.2 In 1938, a pilot plant for nylon-6,6 production was put into opera-
tion, and in 1939, production was commenced at a large-scale plant in Seaford,
Delaware. The classical method for the synthesis of nylon-6,6 involves a two-step
process. In the first step, hexamethylene diamine (HMDA) is reacted with adipic
acid (AA) to form a nylon salt. Polymerization of the aqueous salt solution is
carried out at temperatures in the range of about 210–275◦C at a steam pressure
of about 1.7 MPa. When 275◦C is reached, the pressure is reduced to atmospheric
pressure and heating is continued to drive the reaction to completion.

Polycaprolactam (PCA) is a crystalline polymer obtained by the ring-opening
polymerization of caprolactam brought about by anionic or cationic initiators or
with water. Nylon-6 is the product of the fiber spinning, extrusion, and injec-
tion molding of PCA. In the manufacture of yarn, cord, rod, blocks, and molded
nylon-6 parts, waste is produced in the form of polymeric lumps, cables, entan-
gled masses of filaments, drawn fibers, rejected bobbins, out-of-specification
batches of polymers, and low molecular weight oligomers formed during the
polymerization process.5

The majority of polyamides used commercially are nylon-6,6 or nylon-6. The
largest supply of waste for recycling of nylons is obtained from used carpets.
Approximately 30–40% of the nylon produced in the world is used as carpet
face fibers.1 Carpets consist of a multicomponent construction of face fibers
and a primary and secondary backing. The face fibers are generally made of
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nylon-6, and nylon-6,6. The backing is generally made from polypropylene filled
with calcium carbonate. Styrene–butadiene rubber latex is generally used as
an adhesive. The waste carpets are collected and the carpet is subjected to a
mechanical shredding process for removing the face fibers from the backing,
adhesive, and filler.

A process for depolymerizing nylon-6 and polyester–nylon-6 mixed scrap
was patented by Allied Chemical Corporation in 19656 and 1967.7 Ground scrap
was dissolved with high-pressure steam at 125–130 psig (963–997 kPa) pressure
and 175–180◦C for 0.5 h in a batch process and then continuously hydrolyzed
with superheated steam at 350◦C and 100 psig (790 kPa) to form ε-caprolactam
at an overall recovery efficiency of 98%. The recovered monomer could be
repolymerized without additional purification.

In a patent granted to the DuPont Company in 1946, Myers8 described the
hydrolysis of nylon-6,6 with concentrated sulfuric acid which led to the crys-
tallization of AA from the solution. HMDA was recovered from the neutralized
solution by distillation. In a later patent assigned to the DuPont Company by
Miller9, a process was described for hydrolyzing nylon-6,6 waste with aqueous
sodium hydroxide in isopropanol at 180◦C and 305 psi pressure. After distillation
of the residue, HMDA was isolated, and on acidification of the aqueous phase,
AA was obtained in 92% yield.

Polyurethanes (PURs) are usually described as being prepared by the reaction
of diols with diisocyanates. However, this is an oversimplification because often
water is deliberately added in the production of flexible polyurethane foams.
Unreacted isocyanate groups react with water to form carbon dioxide and urea
groups in the polymer chain. The carbon dioxide acts as a “blowing” agent in the
production of PUR foams. Also, polyurethanes can be formed by the reaction of
bischloroformates with diamines.

In 1976, Meluch and Campbell at General Motors obtained a patent10 for
a steam hydrolysis depolymerization of PUR. High-pressure steam hydrolyzes
flexible PUR foams rapidly at temperatures of 232–316◦C to form diamines and
polyols. The diamines are distilled and extracted from the steam and the polyols
are obtained from the hydrolysis residue. In 1977, Bayer AG obtained a patent
for a continuous PUR hydrolysis process using a specially designed extruder.11

10.1.2 Applications

10.1.2.1 Applications of Recycled and Depolymerized PET Products

PET has the second highest scrap value for recycled materials, second only
to that of aluminum.1 A typical PET beverage bottle consists of PET (60 g),
polyethylene (1 g), and label and glue (5 g). Therefore, the PET bottle scrap must
be separated before the PET can be recycled. The bottles are sorted at a material
recovery facility and compressed. The compressed PET bottles are then washed
and converted to flake by grinding. The flakes may be converted to pellets in an
extruder. The pellets are more suitable for material handling. Currently recycled
PET is being used to make food and nonfood containers, straps, sheeting, and
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textile fibers.4 Allied Signal has developed a high-performance material, PETRA,
from recycled PET. PETRA has a high heat deflection temperature and excellent
chemical resistance and mechanical properties. PETRA is used in the automotive
industry for such applications as panels and headlight brackets. General Electric
and NCR Polymer in Chicago have produced an engineering resin from recycled
PET by forming a polymeric alloy with polycarbonate. The polymeric alloys are
used in the automobile industry as decorative body panels and trim.

The major PET manufacturers are depolymerizing scrap PET with glycols (gly-
colysis) or methanol (methanolysis) to form low-molecular-weight polyester diols
(and BHET) and dimethyl terephthalate.3 The purified products are then used to
make new products. Goodyear uses glycolysis to make REPETE, a new product
which contains 10–20% recycled PET. Hoechst Celanese used methanolysis to
produce DMT for repolymerization. Eastman Chemicals uses depolymerization
of PET to recover used X-ray scrap.

Recycled bottles are regulated by the Food and Drug Administration. Chemi-
cally recycled bottles are allowed to come into contact with both liquid and solid
food products.

By depolymerizing PET waste with a polyol and subsequently condensing the
oligomeric product with a polycarboxylic acid or anhydride, polyester resins are
produced which have wide industrial applications. Depending on the polyol and
polycarboxylic acid or anhydride used, saturated resins, alkyd resins, or unsatu-
rated resins are obtained. PET wastes have been used for the production of alkyd
resins in water thinnable paints. The materials obtained from the reaction of PET
with a mixture of fatty acids high in linoleic acid content and trimethylolethane
have been used in the preparation of water-dispersible coatings. Products of the
depolymerization of PET with trimethylolpropane and pentaerythritol are used
in the manufacture of high-solids paints. In the first step, PET is depolymerized
with trimethylopropane and pentaerythritol at temperatures of 230–240◦C. The
final paint compositions contain 30–50% of PET depolymerization products.12

PET waste has been used in the manufacture of terephthalic electroinsulation
lacquers. Here PET is heated in a mixture of a triol and glycol at temperatures
of 230–260◦C followed by catalytic transesterification and distillation of low-
molecular-weight products of degradation until a polyester with the required
softening temperature (ca. 60–100◦C) is obtained.

The transesterification of PET with 2-ethylhexanol produces dioctyl tereph-
thalate and small amounts of octyl(2-hydroxyethylene)terephthalate and tereph-
thalate oligoesters. This mixture is used as a plasticizer for polyvinyl chloride.12

10.1.2.2 Application of Depolymerized Nylon-6

Chemical recycling of nylon-6 carpet face fibers has been developed into a closed-
loop recycling process for waste nylon carpet.5 The recovered nylon-6 face fibers
are sent to a depolymerization reactor and treated with superheated steam in the
presence of a catalyst to produce a distillate containing caprolactam. The crude
caprolactam is distilled and repolymerized to form nylon-6. The caprolactam
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obtained is comparable to virgin caprolactam in purity. The repolymerized nylon-
6 is converted into yarn and tufted into carpet. The carpets obtained from this
process are very similar in physical properties to those obtained from virgin
caprolactam.

10.1.2.3 Applications of Depolymerized Nylon-6,6 Products

Ammonolysis is the preferred route currently in use at the DuPont Company
for the depolymerization of nylon-6,6 carpet waste. McKinney13 has described
the reaction of nylon-6,6 and nylon-6 mixtures with ammonia at temperatures
in the range of 300–350◦C at a pressure of about 68 atm in the presence
of an ammonium phosphate catalyst to form a mixture of nylon-6,6
and nylon-6 monomers (HMDA, AA, and ε-caprolactam) and adiponitrile,
5-cyanovaleramide, 6-aminocapronitrile, and 6-aminocaproamide.

10.1.2.4 Applications of Depolymerized Polyurethane Products

The Upjohn Company has obtained a patent14 for the glycolysis of rigid and
flexible polyurethane foams. The polyols obtained were those used in the
preparation of rigid foams. General Motors obtained a patent10 for a PUR steam
hydrolysis process. High-pressure steam hydrolyzes flexible PUR foams rapidly
to form the diamines and polyols. Excellent results were obtained by using
the reclaimed polyols in flexible-foam recipes at the 5% level. Rigid-foam,
flexible-foam, reaction injection molding (RIM), and microcellular elastomer
scrap have been treated with an equal weight of a 90/10 mixture of di(alkylene)
glycol–diethanolamine at 190–210◦C for several hours. The residue is cooled
and treated with propylene oxide. The resulting polyols are most suitable for the
production of rigid foams. In some rigid-foam formulations, the polyols produced
may be substituted for up to 40% of the virgin polyol.5

10.1.3 Research Trends and Critical Issues

PET recycling is one of the most extensive and successful examples of polymer
recycling. In 1995, 3.5 × 104 tons of PET were recycled in Europe, compared
to 2.2 × 104 tons in 1993 and 1.3 × 104 tons in 1991.1 The main reason for the
increase in recycling of postconsumer PET is its increased use, particularly in
beverage bottles, making it the primary target of plastic recycling. Critical issues
include the following:

1. When used in nontraditional PET applications, recycled PET must compete
with less expensive resins.

2. Trace remnants of label additives lead to discoloring of recycled PET and
loss of clarity.

3. Waste PET must be carefully dried or it decomposes rapidly on reprocessing
in the presence of water.
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4. Collection costs are quite high because of the low bulk density of
PET bottles.

In recent months, three nylon producers (DMS, DuPont, and Honeywell) have
developed closed-loop recycling processes for nylon carpet,15 thereby joining
companies like BASF, Allied, and Rhodia, which have been recycling nylon on
a modest level for years. DuPont is building a demonstration plant in Maitland,
Ontario, which will be dedicated to the chemical recycling of nylon-6,6 and
nylon-6. The newly developed ammonolysis process invented by DuPont can be
used to depolymerize both nylon-6 and nylon-6,6. However, the cost of recycled
nylon is estimated to exceed that of virgin nylon by ca. 25%.

Glycolysis is the most promising approach for the chemical recycling of
polyurethanes.1 The chemistry of PUR depolymerization is complicated by the
presence of other chemical groups in the polymer, such as ureas, allophanates,
and biurets.

10.2 STRUCTURE–PROPERTY RELATIONSHIPS

10.2.1 General Considerations

The preparation of many step-growth polymers involves equilibrium reactions.
Polyesterifications are equilibrium reactions. In order to obtain high yields of
high-molecular-weight polyesters, such polymerizations are conducted in such a
manner so as to continually shift the equilibrium in the direction of the poly-
meric product. This is easily accomplished by the removal of water in the case
of the reaction of terephthalic acid with ethylene glycol and the removal of
methanol in the transesterification of dimethyl terephthalate with ethylene glycol.
Depolymerization would involve shifting the equilibrium toward monomers by
reacting PET with water, methanol, ethylene glycol, and other glycols. Polyami-
dations are equilibrium reactions, which have K values much greater than that
of polyesterifications. Typically, the equilibrium constant K for a polyesterifica-
tion is no greater than 1–10, while K for a transesterification is in the range
of 0.1–1 and K for a polyamidation is in the range of 102 –103.16 Therefore,
chemical depolymerization of polyamides occurs under more stringent condi-
tions. Depolymerization of nylon-6 occurs more readily than that of nylon-6,6
because the thermodynamic stability of caprolactam acts as a driving force for
depolymerization. Polyurethanes are formed by the irreversible, nonequilibrium
reaction of diols with diisocyanates. Polyurethane formation does not neces-
sarily involve a condensation reaction; that is, there may be no release of small
molecules such as water. As mentioned earlier, depolymerization of polyurethanes
is also complicated by the presence of ureas, allophanates, and biurets in the
polyurethane structure.

Therefore, since step-growth polymers are often prepared by reversible
reactions, it is feasible to convert them back to their monomers or
oligomers/chemicals by solvolytic processes such as hydrolysis, glycolysis,



STRUCTURE–PROPERTY RELATIONSHIPS 533

methanolysis, aminolysis, ammonolysis, transesterification, alcoholysis, hydro-
glycolysis, acidolysis, and transamidation.

The principal solvolysis reactions for PET are methanolysis with dimethyl
terephthalate and ethylene glycol as products, glycolysis with a mixture of polyols
and BHET as products, and hydrolysis to form terephthalic acid and ethylene
glycol. The preferred route is methanolysis because the DMT is easily purified
by distillation for subsequent repolymerization. However, because PET bottles
are copolyesters, the products of the methanolysis of postconsumer PET are
often a mixture of glycols, alcohols, and phthalate derivatives. The separation
and purification of the various products make methanolysis a costly process.
In addition to the major product DMT, methanol, ethylene glycol, diethylene
glycol, and 1,4-cyclohexane dimethanol have to be recovered to make the process
economical.1

In the case of glycolysis, in addition to BHET, higher oligomers are also
produced. Also, the reaction product obtained by glycolysis is difficult to purify
by techniques such as distillation or crystallization, so BHET is difficult to isolate.
Glycolysis is more appropriate for the recycling of postindustrial scrap. In order
for glycolysis to be used successfully for postconsumer scrap, careful control of
the purity of the bottle scrap is required and the recovered monomer must be
mixed with virgin monomer for repolymerization.1

Hydrolysis, although a simple method in theory, yields terephthalic acid (TPA),
which must be purified by several recrystallizations. The TPA must be specially
pretreated to blend with ethylene glycol to form premixes and slurries of the right
viscosities to be handled and conveyed in modern direct polyesterification plants.
The product of the alkaline hydrolysis of PET includes TPA salts, which must
be neutralized with a mineral acid in order to collect the TPA. That results in the
formation of large amounts of inorganic salts for which commercial markets must
be found in order to make the process economically feasible. There is also the
possibility that the TPA will be contaminated with alkali metal ions. Hydrolysis
of PET is also slow compared to methanolysis and glycolysis.1

Important solvolysis reactions for nylons are hydrolysis, methanolysis, glycol-
ysis, aminolysis, ammonolysis, transamidation, and acidolysis.17 Hydrolysis of
nylon-6 with steam in the presence of an acid catalyst to form caprolactam is
the preferred depolymerization approach. However, when recycling carpet face
fibers, the fillers in the polymer may react with the acid catalyst and lower the
efficiency of the catalyst.

Hydrolysis of nylon-6 in a high-pressure steam reactor can be carried out to
give high yields of ε-caprolactam; however, removing the water from the capro-
lactam requires a distillation and the process is extremely expensive. Research at
DuPont has identified ammonolysis as the best method for the recycling of scrap
carpet. Ammonolysis may also be used for the recycling of nylon-6. The process,
however, is expensive and the cost of recycled monomer is approximately 25%
greater than virgin monomer.

The purpose of the depolymerization of polyurethanes is the isolation of
polyols, which may be reused in the production of PUR. Important solvolysis
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reactions for PURs are hydrolysis,18 alcoholysis, glycolysis, aminolysis, and inter-
change reactions. Glycolysis is the most promising route for the depolymerization
of PURs.

10.2.2 Role of Chemical Structure

When a carbonyl group is bonded to a substituent group that can potentially
depart as a Lewis base, addition of a nucleophile to the carbonyl carbon leads to
elimination and the regeneration of a carbon–oxygen double bond. Esters undergo
hydrolysis with alkali hydroxides to form alkali metal salts of carboxylic acids
and alcohols. Amides undergo hydrolysis with mineral acids to form carboxylic
acids and amine salts. Carbamates undergo alkaline hydrolysis to form amines,
carbon dioxide, and alcohols.

Ingold19 classified the possible mechanisms of ester hydrolysis into eight cat-
egories and a ninth was subsequently added.20 The primary division is made
concerning whether the acyl–oxygen or alkyl–oxygen bond is broken. The mech-
anisms may be elucidated by isotope tracer studies using 18O or by hydrolyzing
an ester with an asymmetric carbon in the alcohol portion bonded to the oxygen.
The reactions occurring by alkyl–oxygen cleavage are nucleophilic substitutions
at the saturated carbon with carboxylic acid or carboxylate ion leaving groups.
The most common ester hydrolysis processes (Fig. 10.1) involve acyl–oxygen
cleavage and occur by the AAC

2 mechanism for acid catalysis and the BAC
2 mech-

anism for alkaline hydrolysis.20 These are hydrolyses that occur by the tetrahedral
intermediate mechanism.

In general, the solvolytic reactions of polymers involve the cleavage of the
C−X bonds of the polymer chain (Fig. 10.2), where X is a heteroatom (O, N,).12
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C X C + YZ C XZ Y C+

Figure 10.2 Solvolysis reactions of polymers.

The mechanism of the solvolytic process is shown in Fig. 10.2, where YZ is the
solvolytic agent (e.g. water, alcohol, acid, alkali, or amine). The general mech-
anism for the degradation of polyester in an acid and basic solution is shown
in Fig. 10.3. In an acid environment, the mechanism is the AAC

2 mechanism.
A hydrogen ion adds to the carbonyl oxygen to form a resonance-stabilized
cation with the positive charge shared by the O and the carbon. Attack by water
reversibly on the carbon cationic center leads to the formation of a carboxylic
acid group and an alcohol group. This mechanism is different than that of alkaline
hydrolysis of polyesters. In an alkaline environment, the mechanism is the BAC

2

mechanism. The alkaline hydrolysis of polyester involves reversible attack by a
hydroxide ion on the carbon atom of the carbonyl to form an ion with the neg-
ative charge on oxygen followed by reversible chain cleavage and formation
of carboxylate anions and alcohols. The four major polyester depolymeriza-
tion processes (hydrolysis, alcoholysis, acidolysis, and aminolysis) are shown
in Fig. 10.4.

The chemistry of the glycolysis of polyurethanes is complicated by the fact that
there are additional groups in the polymer such as ureas, allophanates, and biurets,
and the PURs may be crosslinked. In the presence of the appropriate glycols and
at about 200◦C, PURs undergo transesterification to form polyols. Under the same
conditions, ureas undergo glycolysis to form urethanes and amines (Fig. 10.5).
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Figure 10.3 General mechanisms for degradation of polyester in acid and
basic solutions.
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10.2.3 Role of Microstructure and Architecture

PET fibers consist of crystalline, oriented semicrystalline, and noncrystalline
(amorphous) regions. In the crystalline state the molecules are well organized
and form crystallites, which are crystalline regions with dimensions of a few
hundred angstrom units. The maximum crystallinity is about 55%. The unit cell
for PET was determined to be triclinic by X-ray diffraction techniques; it contains
one repeating unit. The aromatic, carboxyl, and aromatic groups are practically
planar and lie adjacent to one another. Distances between atoms in neighboring
molecules are within normal van der Waals distances, and there is no evidence
for unusually strong forces between the molecules. This agrees with the fact
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that the calculated PET cohesive density21 is comparable to that of an aliphatic
polyester, poly(ethylene adipate). Conjugation of the ester groups with the ben-
zene ring increases their polarity and facilitates hydrogen bond formation. The
intermolecular interactions create a relatively inflexible macromolecule with high
modulus, strength, and resistance to moisture, dyestuffs, and solvents.

The crystallinity in PET soft drink bottles is about 25%. Because a more crys-
talline state is normal for PET, the amorphous content is increased intentionally
by copolymerization and rapid cooling for the molten PET from the melt to a
temperature below the glass transition temperature. Companies which perform
high-speed blow molding of PET prefer PET resins made with small amounts of
glycol and diacid comonomers.

Nylon fibers are semicrystalline, that is, they consist of crystallites separated
by amorphous regions. Hydrogen bonding is an important secondary valence
interaction in nylon-6 and nylon-6,6. Individual chains in the microcrystalline
regions of nylons are held together by hydrogen bonds. Nylons are resistant to
aqueous alkali but deteriorate more readily on exposure to mineral acids.

Polyurethane materials are extremely versatile in that it is possible to produce
a large variety of structures which range in properties from linear and flexible to
crosslinked and rigid. The crosslinked PURs are thermosets, which are insoluble
and infusible and therefore cannot be reprocessed by extrusion without suffering
extensive thermal degradation. At present, the main sources of recyclable waste
are flexible PUR foams and automobile waste. Waste and scraps of these materials
may consist of 15–25% by weight of total PUR foam production.

10.3 FACTORS AFFECTING THE USE OF RECYCLED
MONOMERS OR OLIGOMERS

10.3.1 Recycling of PET Monomers

Contamination problems act as a barrier to the recycling of PET bottle waste.
The presence of impurities that generate acid compounds at the high temperatures
reached during the extrusion process prior to blow molding is a major problem in
the reprocessing of PET because chain cleavage reactions are acid catalyzed. EVA
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(ethylene–vinyl acetate copolymer) from cap liners produces acetic acid. Rosin
adhesives from the label produce abietic acid. PVC (polyvinyl chloride) flakes
from PVC bottles produce hydrogen chloride. Even small amounts of PVC con-
tamination cause a drastic decrease in PET melt viscosity and therefore molecular
weight because of acid-catalyzed chain scission at the ester groups. This results in
a decrease in intrinsic viscosity of the PET. For each PET application, a specific
intrinsic viscosity range is required. The range for PET-carbonated soda bottles
is 0.73–0.80 and solid stating may be required to achieve that goal.1

PVC contamination can also increase the amount of undesirable cyclic
oligomers formed during reprocessing. The formation of low-molecular-weight
oligomers, particularly cyclic oligomer, is an unavoidable part of the processing
of PET. Among the various oligomers in PET fibers, cyclic trimers occur in the
largest amounts. PVC liners in PET waste are a significant problem because,
after shredding, the PVC particles are difficult to separate from PET because the
densities are very similar. Also, during the baling process, if PVC bottles are
not rigorously separated, the PVC will decompose on exposure to the processing
temperatures used, leading to the formation of color and black specks in the PET
bottles. Levels of PVC contamination greater than 1 ppm cause the discoloration
of PET bottles. A quality control method has been developed for quantitatively
determining the amount of PVC contamination in recycled PET by heating 500 g
of PET at 180◦C for 4 h and then weighing the collected darkened particles of
degraded PVC. Moisture contamination of PET must be below 0.02%1 in order to
avoid the deleterious hydrolysis of PET resulting in molecular weight reduction.
It has been shown that the rate of hydrolysis of PET is several orders of magnitude
greater than the rate of thermo-oxidative degradation. In fact, the degradation of
wet PET has been shown to occur in two distinct kinetic steps. The initial fast
rate of degradation has been attributed to hydrolysis, caused by the residual water
present in recycled PET. The second process occurring at a slower rate involves
thermo-oxidative chain cleavage.

A surprisingly low concentration of water can reduce the viscosity such that
reclaimed PET cannot be used for the blow molding of bottles with acceptable
physical properties. The established solution to the moisture problem is to dry the
recycled PET in special dryers prior to use. However, the drying process is both
time and energy intensive. Paper labels can cause problems in PET recycling
if they decompose during washing and removal. The paper fibers formed can
produce cellulose fibers that are difficult to remove from the reprocessed PET.1

There are three types of adhesives used on paper labels for PET bottles. Syn-
thetic adhesives in water-based emulsions are based on polyvinyl acetate or an
ethylene–vinyl acetate copolymer plasticized with dibutyl phthalate. This adhe-
sive does disintegrate to some extent in water, but some residue may remain
on the bottle and become involved in the recycling process. Also used are
thermofusible (hot-melt) adhesives, which are based on ethylene–vinyl acetate
copolymers. These glues remain insoluble during the washing process; however,
because of their low melting points, they do soften during mechanical action to
release the paper label but most of the glue remains on the bottle. The third type
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of glue is the preferred alkali-soluble glue. These glues will separate and totally
disintegrate on exposure to a 2 wt % solution of sodium hydroxide. However,
the alkali soluble glues are 20–30% more expensive than the traditional adhesive
and this has prevented their extensive use.1

Color contamination can occur as a result of the dyes used on colored bottles
and, often, the printed ink used on the labels can lead to discoloration by staining
on exposure to water during the washing process.

Acetaldehyde is formed during the degradation of PET. Vinyl ester endgroups
formed during thermal degradation of PET liberate vinyl alcohol on transester-
ification with hydroxyethylterephthalate polymeric endgroups (Fig. 10.6). The
vinyl alcohol tautomerizes to form acetaldehyde, which can affect the taste of
foods in PET food contact applications.1

Methanolysis products are separated and purified by distillation. BHET, the
monomer obtained by PET glycolysis, is normally purified by melt filtration
under pressure. One of the problems encountered in neutral hydrolysis of PET is
that the terephthalic acid isolated contains most of the impurities initially present
in the PET waste. Hence very elaborate purification processes are required to
obtain terephthalic acid of commercial purity.

10.3.2 Recycling of Caprolactam

Approximately 10–12% by weight of oligomers is formed in the synthesis of
polycaprolactam (nylon-6). These oligomers may be removed by extraction with
water or by distillation under vacuum. In the process, two types of liquid wastes
are formed: (1) a 4–5% aqueous solution of low-molecular-weight compounds
consisting of ca. 75% by weight of caprolactam and ca. 25% by weight of a mix-
ture of cyclic and linear caprolactam oligomers and (2) a caprolactam–oligomer
melt containing up to 98% caprolactam and small amounts of dimer, water, and
organic contaminants. The recycle of caprolactam involves two different stages:
depolymerization of polymeric waste and purification of the caprolactam and
oligomers obtained.5,22

A typical recovery of caprolactam from liquid waste generates 20–25% oligo-
mers along with organic and inorganic compounds as impurities. The distillation
of caprolactam under reduced pressure produces a residue which consists of inor-
ganic substances such as permanganates, potassium hydrogen sulfate, potassium

C

O

OCH CH2

C

O

OCH2CH2OH

C

O

OCH2CH2O C

O

+ CH3CHOCH2 CHOH
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sulfate, sodium hydrogen phosphate, and sodium phosphate. The larger portion
of the residue contains cyclic and linear chain oligomers plus 8–10% of capro-
lactam (CL). The types and exact amounts of impurities depend on the method
used for the purification and distillation of caprolactam.

The cyclic oligomers are only slightly soluble in water and dilute solutions
of caprolactam. They tend to separate out from the extracted waste during the
process of concentration and chemical purification of the caprolactam. The cyclic
oligomers tend to form on the walls of the equipment used in the process equip-
ment. 6-Aminocaproic acid or sodium 6-aminocaproate may also be found in the
oligomeric waste, especially if sodium hydroxide is used to initiate the caprolac-
tam polymerization.

Many impurities are present in commercial caprolactam which pass into the
liquid wastes from PCA manufacture from which caprolactam monomer may be
recovered. Also, the products of the thermal degradation of PCA, dyes, lubricants,
and other PCA fillers may be contained in the regenerated CL. Identification of
the contaminants by IR spectroscopy has led to the detection of lower carboxylic
acids, secondary amines, ketones, and esters. Aldehydes and hydroperoxides have
been identified by polarography and thin-layer chromatography.

Caprolactam is a thermally unstable compound which on distillation may form
methyl-, ethyl-, propyl-, and n-amylamines. Also, at high temperatures, CL reacts
with oxygen to form hydroperoxides which in the presence of iron or cobalt
ions are converted into adipimide. N -alkoxy compounds are also formed by the
reaction of CL with aldehydes during storage.

Therefore, CL and the depolymerized product from which CL is regener-
ated contain various impurities which are present in widely fluctuating amounts
depending on the reclamation processes involved. In particular, the presence
of cyclohexanone, cyclohexanone oxime, octahydrophenazine, aniline, and other
easily oxidized compounds affects the permanganate number. Also volatile sub-
stances such as aniline, cyclohexylamine, cyclohexanol, cyclohexanone, nitrocy-
clohexanone, and aliphatic amines may also be present in the CL.22

CL must be very carefully purified to exclude small concentrations of (1) ferric
ions which would catalyze the thermal oxidative degradation of polycaprolactam
and (2) aldehydes and ketones which would markedly increase oxidizability of
CL. The impurities in CL may retard the rate of CL polymerization as well as
having a harmful effect on the properties of the polymer fiber. In the vacuum
depolymerization of nylon-6, a catalyst must be used because in the absence of a
catalyst by-products such as cyclic olefins and nitrides may form, which affects
the quality of the CL obtained.1

The caprolactam obtained must meet the specifications of permanganate num-
ber, volatile bases, hazen color, UV transmittance, solidification point, and tur-
bidity in order to be used for repolymerization alone or in combination with
virgin CL.5 Reported CL purification methods include recrystallization, solvent
extraction, and fractional distillation. One solvent extraction technique involves
membrane solvent extraction. Ion exchange resins have been shown to be effec-
tive in the purification of aqueous caprolactam solutions. In one such process,
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the oily impurities are removed by extraction with organic solvents followed by
treatment with carbon at 60–80◦C. Cationic and anionic exchange resins are then
used to complete the purification process. Ion exchange resins remove all ionic
impurities as well as colloidal and floating particles; that is, alkali metal salts
formed in permanganate treatment are removed during ion exchange treatment.
Also, the treatment of aqueous solutions of CL with ion exchange resins helps to
remove the distillation residue. Treatment of caprolactam with activated carbon
helps to remove anionic and cationic impurities.

Impurities in CL have also been destroyed by oxidation with ozone22 followed
by distillation. Ozonation treatment of waste CL leaves no ionic impurities. How-
ever, the most commonly used oxidizing agents are potassium permanganate,
perboric acid, perborate, and potassium bromate. Treatment of CL with these
oxidizing agents is carried out in a neutral medium at 40–60◦C. Strongly alka-
line or acidic conditions accelerate the oxidation of CL to form isocyanates.
The undesirable oxidation reaction is fast above pH 7 because of the reaction
with isocyanate to form carbamic acid salts, which shifts the equilibrium to form
additional isocyanate.

In a typical process, potassium permanganate is used to treat the cracked
liquor exiting the depolymerization plant without any pH adjustment. The liquor
is usually acidic because it contains some of the phosphoric acid depolymer-
ization catalyst. The KMnO4 treatment is followed by treatment of the CL
aqueous solution with carbon followed by filtration. Next the filtered 20–30%
CL aqueous solution is concentrated to 70% and the pH is adjusted to 9–10 by
addition of sodium hydroxide. The caprolactam alkaline concentrate is treated
with KMnO4 followed by distillation under reduced pressure to remove water
and low-boiling impurities.

Also, the CL aqueous solution may be hydrogenated at 60◦C in the presence of
20% sodium hydroxide and 50% palladium absorbed on carbon to provide capro-
lactam of very high purity after distillation. Treatment with an ion exchange resin
before or after the oxidation or hydrogenation process also improves the quality
of the CL obtained after distillation. CL has also been purified by treatment with
alkali and formaldehyde followed by fractional distillation to remove aromatic
amines and other products.

Also, nylon-6 waste may be hydrolyzed in the presence of an aqueous alkali
metal hydroxide or acid5 to produce an alkali metal or acid salt of 6-aminocaproic
acid (ACA). The reaction of nylon-6 waste with dilute hydrochloric acid is rapid
at 90–100◦C. The reaction mixture is poured into water to form a dilute aqueous
solution of the ACA salt. Filtration is used to remove undissolved impurities
such as pigments, additives, and fillers followed by treatment of the acid solution
with a strong cation exchange resin. A sulfonic acid cationic exchanger absorbs
ACA salt and pure ACA is eluted with ammonium hydroxide to form a dilute
aqueous solution. Pure ACA is obtained by crystallization of the solution.

Alternatively, nylon-6 waste may be hydrolyzed with aqueous sodium hydrox-
ide and the sodium salt of ACA converted into pure ACA by passing the aqueous
solution through an anion exchange resin.
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10.3.3 Recycling of Nylon-6,6 Monomers

Adipic acid and HMDA are obtained from nylon-6,6 by the hydrolysis of the
polymer in concentrated sulfuric acid (Fig. 10.7). The AA is purified by recrys-
tallization and the HMDA is recovered by distillation after neutralizing the acid.
This process is inefficient for treating large amounts of waste because of the
required recrystallization of AA after repeated batch hydrolyses of nylon-6,6
waste. In a continuous process,5 nylon-6,6 waste is hydrolyzed with an aque-
ous mineral acid of 30–70% concentration and the resulting hydrolysate is fed
to a crystallization zone. The AA crystallizes and the crystals are continuously
removed from the hydrolysate. Calcium hydroxide is added to neutralize the
mother liquor and liberate the HMDA for subsequent distillation.

Continuous recovery requires AA crystals having an average diameter of
ca. 40–50 nm.5 Such crystals are obtained by continuously introducing the hot
hydrolysate containing 10–20% AA into an agitated crystallization vessel while
maintaining an average temperature of 20–30◦C. The slurry obtained from the
crystallization vessel is filtered to collect the AA crystals, and the filtrate which
contains the HMDA acid salt is continuously neutralized with calcium hydroxide.
The calcium salt formed is removed by filtration, and the HMDA in the filtrate
is isolated by distillation.

In the case of nylon-6,6 waste recycled by ammonolysis, nylon is treated with
ammonia in the presence of a phosphate catalyst. Reaction occurs at 330◦C and
7 MPa. Distillation of the reaction mixture produces ammonia which is recycled
and three fractions containing (a) caprolactam, (b) HMDA and aminocaproni-
trile, and (c) adiponitrile. Aminocapronitrile and adiponitrile are hydrogenated to
yield pure HMDA, and the caprolactam is either converted to aminocapronitrile
by further ammonolysis or distilled to produce pure caprolactam. The HMDA
produced by this process is extremely pure (>99.8).1 The main impurities are
aminomethylcyclopentylamine and tetrahydroazepine, which are expected to be
removed more effectively in the larger distillation columns employed in the
larger plants.

10.3.4 Recycling of Polyols from Polyurethanes

The glycolysis of rigid polyurethane foams produces polyol products which can
be reintroduced into the production cycle of PUR insulation materials to form
materials with properties practically equivalent to those of materials produced
using virgin polyols. Aromatic amines produced as by-products in the glycolysis
process are toxic and therefore undesired side products. The most frequently
observed side product is diphenylmethanediamine (DMDA), which is formed
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when water present in the system decomposes the carbamic acid formed. In
addition to being highly toxic, DMDA lowers the reactivity of the polyol obtained.
A deamination agent may be added to remove DMDA from the reaction mixture.
Deamination agents such as ethylene oxide or propylene oxide react with DMDA
to form polyoxyalkylene adducts which phase separate from the polyol reaction
product.1

10.4 CHEMISTRY AND CATALYSIS

10.4.1 PET Chemistry and Catalysis

Glycolysis is a method for the depolymerization of PET which involves heating
PET under pressure with an excess of glycol, usually ethylene glycol, to form
BHET. Glycolysis is carried out in the presence of a transesterification catalyst,
usually zinc, lead, manganese, cobalt, sodium, or lithium acetate. The formation
of diethylene glycol can be minimized by the use of a combination of lithium and
zinc acetates and antimony trioxide as catalyst.23 Other products formed during
PET glycolysis in addition to diethylene glycol include ethylene terephthalate,
dioxane, aldehydes, and cyclic trimers.24 Campanelli et al.25 demonstrated that
although zinc salts catalyze glycolysis of PET at temperatures below 245◦C, there
is no effect at higher temperatures. This was used as evidence that the catalysis
is an interfacial phenomenon since 245◦C is the melting point of PET. Another
glycolysis method for the depolymerization of PET involves the reaction of PET
with an alkene oxide, usually ethylene or propylene oxides, with heating to form
polyols. Basic compounds such as sodium hydroxide, potassium hydroxide, and
tertiary aminoalkyl phenols were used to catalyze the reaction.

PET methanolysis involves the reaction of PET with methanol at high tem-
peratures and pressures in the presence of transesterification catalysts such as
magnesium acetate, cobalt acetate, and lead dioxide.

Acids such as sulfuric or nitric acids or bases such as sodium hydroxide
may catalyze the hydrolysis of PET. It has been demonstrated that the rate
of alkaline PET hydrolysis increases in the presence of quaternary ammonium
compounds.26,27 Niu et al.26 reported an increase in the rate of alkaline PET
degradation in the presence of dodecylbenzyldimethylammonium chloride at
80◦C. Polk et al.27 reported increases in the rate of sodium hydroxide depoly-
merization of PET in the presence of trioctylmethylammonium chloride, trioctyl-
methylammonium bromide, and hexadecyltrimethylammonium bromide at 80◦C.

Neutral PET hydrolysis usually takes place under high temperature and pres-
sure in the presence of alkali metal acetate transesterification catalysts.28 It is
thought that the catalytic effect observed on the part of zinc salts is the result of
electrolytic changes induced in the polymer–water interface during the hydrol-
ysis process. The catalytic effect of zinc and sodium acetates is thought to
be due to the destabilization of the polymer–water interface in the hydrolysis
process.
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Ammonolysis of PET involves the reaction of PET and ammonia with heating
and usually in the presence of ethylene glycol to form terephthaldiamide. The
reaction is catalyzed by zinc acetate.

10.4.2 Nylon-6 and Nylon-6,6 Chemistry and Catalysis

The primary method of nylon-6 depolymerization is hydrolysis. Acid hydroly-
sis of nylon-6 generally takes place in the presence of H3PO4 or H3BO3 at high
temperature.29 Nylon-6 may be depolymerized in vacuo to produce ε-caprolactam
in good yields (>80%). A catalyst such as potassium carbonate is needed to
prevent the formation of by-products such as cyclic olefins and nitrides and
lower quality ε-caprolactam.1 Ammonolysis is a relatively new method for the
depolymerization of nylon-6 and nylon-6,6. It involves the reaction of nylon-6
and nylon-6,6 with ammonia at high temperatures and pressures in the pres-
ence of ammonium phosphate to form HMDA, adiponitrile, 5-cyanovaleramide,
ε-caprolactam, 6-aminocapronitrile, and 6-aminocaproamide.13 McKinney30 has
also reported the use of Lewis acid catalysts such as Zn, Co, Pd, Mn, Ti,
and W chlorides to enhance the depolymerization conversions.30 Polk et al.27

have demonstrated the alkaline hydrolysis of nylon-6,6 in the presence of ben-
zyltrimethylammonium bromide to form adipic acid after acidification.

10.4.3 Chemistry and Catalysis of Polyurethanes

The most important methods for the depolymerization of PURs are glycolysis and
hydrolysis. Glycolysis of polyurethanes involves the reaction of PURs with ethy-
lene glycol, diethylene glycol, propylene glycol, and dipropylene glycol at high
temperatures and in many cases at atmospheric pressure.31,32 Although catalysis
may not be necessary, organometallic compounds such as Ti[O(CH2)3CH3]4 and
organic compounds based on tin appear to be selective catalysts for glycolysis.1

Amines and Lewis acids have also been used as transesterification catalysts. When
potassium acetate is employed as a catalyst for rigid PUR foam glycolysis, large
amounts of amines are formed as part of the glycolysis product.

The Ford hydroglycolysis process is an example of a combined approach
for the depolymerization of PURs. In a reactor, polyurethane foam is reacted
with a mixture of water, diethylene glycol, and alkali metal hydroxides at high
temperature to form polyols. When sodium hydroxide is added as a catalyst, a
cleaner polyol is formed because all of the carbamates and ureas in the product
are converted into amines and alcohols by hydrolysis.33

10.5 EXPERIMENTAL METHODS

10.5.1 Glycolysis of PET

Glycolysis is the oldest method of PET depolymerization and is used widely on a
commercial scale. Glycolysis (Fig. 10.4) involves the reaction of PET with excess
glycol, usually ethylene glycol, at temperatures of 180–240◦C and high pressures
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to form BHET.22 PET dissolves in boiling ethylene glycol at atmospheric pressure
and even more readily when heated under pressure. Oligomers of PET are formed
on cooling the solution. There is an equilibrium formed between hydroxyethyl-
terephthalate, BHET, and low-molecular-weight oligomers. The equilibrium may
be shifted to the left by addition of ethylene glycol to the glycolysis product.
Cooling of the solution causes BHET to crystallize out. Glycols other than ethy-
lene glycol may be used: that is, PET reacts with propylene glycol at 200◦C in the
presence of zinc acetate to yield bis(hydroxypropyl) terephthalate, BHET, and
hydroxypropyl-hydroxyethyl terephthalate.34,35 BHET36 may be added to pro-
mote the solubility of the PET waste and facilitate depolymerization. If ethylene
glycol and polyester scrap are mixed in the absence of BHET in conventional
depolymerization and heated, they cannot be agitated because of the resulting
solidification and depolymerization time increases in the inhomogeneous reac-
tion system. Rapid solution of the polyester occurs with a weight ratio of BHET
to waste PET of about 3.1 to about 3.4 : 1. The reaction occurs more rapidly in
the presence of an excess of ethylene glycol; however, too large an excess may
lead to the formation of diethylene glycol. Sodium acetate trihydrate and water
are added to inhibit diethylene glycol formation.

A proposed mechanism of PET glycolysis would be (1) glycol diffusion into
the polymer; (2) swelling of the polymer, which increases the rate of diffusion;
and (3) reaction (transesterification) of the glycol hydroxy group at an ester group
in the polyester chain.24 Since it is a transesterification process, metal acetate salts
are effective catalysts.

Polybutylene terephthalate (PBT) has been produced from PET scrap by trans-
esterification with 1,4-butanediol.1 In the process, classified and cleaned polymer
flake from postconsumer PET bottles is reacted with 1,4-butanediol in an extruder.
PBT is used as an engineering plastic. Ethylene glycol and tetrahydrofuran pro-
duced as by-products are recovered by distillation.

Glycolysis may be applied to the conversion of PET scrap to polyols for
the production of important industrial materials such as polyurethanes, saturated
resins, alkyd resins, and unsaturated polyesters.1,5 The conversion of scrap PET to
polyols may be achieved by reaction with diols such as 1,6-hexanediol and propy-
lene glycol, polyglycols such as polyethylene glycol, or ethylene oxide. The reac-
tion of PET with polyglycols incorporates TPA in the resulting polyols produced.
The polyols may then be reacted with diisocyanates such as methylene-4,4′-
diphenyldiisocyanate, toluene-2,4-diisocyanate, and hexamethylene diisocyanate
to form polyurethanes. Unsaturated polyesters are obtained by the reaction of
PET-based polyols with substances such as maleic anhydride. The PET-based
polyols may be reacted with acids such as phthalic acid, isophthalic acid, and
adipic acid to form saturated resins or a fatty acid together with phthalic anhydride
to produce alkyd resins.1

10.5.2 Methanolysis of PET

PET methanolysis is based on the reaction of PET with methanol at high tem-
peratures (180–280◦C) and pressures (20–40 atm) to form DMT and ethylene
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glycol, which are raw materials for the production of PET as the main products.37

The reaction occurs in the presence of transesterification catalysts such as zinc,
magnesium, and cobalt acetates and lead dioxide. The reaction temperature can
be achieved by heating and melting PET in the first step, followed by exposure
of the hot polymer to methanol or heat necessary to melt the PET polymer may
be supplied by superheated methanol vapors. In other instances, a solvent may be
used to dissolve the PET, as in the method used by Naujokas and Ryan,38 who
invented a process in which the scrap PET is dissolved in oligomers of DMT
and ethylene glycol followed by passing superheated methanol vapors through
the solution. The methanolysis process has been used by such large manufactur-
ers of PET as Hoechst, DuPont, and Eastman. One of the opportunities offered
by methanolysis is the possibility of locating the methanolysis unit in the poly-
mer production line, thereby enabling the waste generated in the process to be
utilized as part of the process.12

Both continuous and batch methods may be used in methanolysis. The batch
method requires an autoclave, crystallizer, and centrifuge and a system for the
melting and distillation of the DMT obtained. In the two-stage Hoechst contin-
uous process, waste PET is melted and fed to a reactor. Preheated methanol is
added to the autoclave, which is equipped with a mixer. The conversion reaches
70–90% in the first reactor, after which the reaction stream is introduced into a
second autoclave at a lower temperature near the bottom, where it rises slowly
and the higher density impurities settle at the bottom. The reaction stream leaves
the second autoclave and its pressure is reduced to 0.3 MPa. On further reduction
of the pressure and cooling, DMT precipitates and is subsequently purified.12

10.5.3 Hydrolysis of PET

10.5.3.1 Acid Catalysis

PET reacts with water to produce TPA and ethylene glycol (EG). The process
can be carried out under acidic, basic, or neutral conditions. Polyester waste may
be hydrolyzed with strong acids such as sulfuric, phosphoric, and nitric acids
to produce terephthalic acid and ethylene glycol in high yields without the use
of high temperatures and pressures. However, low temperatures and low acid
concentrations result in slow rates of hydrolysis. Several patents describe the
acid hydrolysis of PET with sulfuric acid. The process occurs at temperatures of
25–100◦C in a few minutes at atmospheric pressure. The hydrolysis product is
neutralized with base to produce the TPA salt. After treatment with ion exchange
columns, the solution is acidified to produce TPA.39,40 A major problem with
this process is the corrosion caused by the reaction mixture and the production
of large amounts of liquid wastes containing inorganic salts and sulfuric acid.
Yoshioka et al.1 describe a process for acid-catalyzed depolymerization of PET
in which PET bottles are digested in 7–13 M nitric acid at temperatures ranging
from 70 to 100◦C for 72 h to form TPA, EG, and oxalic acid. The oxalic acid is
produced by the oxidation of EG by nitric acid. The NO is recycled by oxidation
and the addition of water to form nitric acid. Since the oxalic acid is more
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valuable than TPA or EG, the economics of the process are improved compared
to acid-catalyzed hydrolysis to produce TPA and EG only.

10.5.3.2 Alkaline Hydrolysis

The alkaline hydrolysis of PET involves reacting PET with a 4–20 wt % solution
of NaOH under pressure at temperatures in the range of 200–250◦C for several
hours to form the sodium salt of TPA. Acidification of the sodium salt of TPA
yields the TPA on precipitation from solution. Niu26 has demonstrated the use of
quaternary ammonium salts to accelerate the alkaline hydrolysis of PET at 80◦C
and atmospheric pressure. Collins and Zeronian41 have reported that the reaction
of PET with methanolic sodium hydroxide accelerates the alkaline degradation of
PET compared to aqueous systems. Oku et al.42 quantitatively converted PET to
disodium terephthalate by reacting the polyester with sodium hydroxide dissolved
in anhydrous ethylene glycol at 150◦C. Disodium terephthalate precipitated from
the ethylene glycol solution. Yoshioka et al.43 described a process for the con-
version of postconsumer PET to TPA and oxalic acid in concentrated sodium
hydroxide solution. In the process, PET is completely converted to TPA and
ethylene glycol in aqueous sodium hydroxide at 250◦C followed by conversion
of ethylene glycol to oxalic acid and carbon dioxide by base-catalyzed oxidation
with oxygen. Conditions for the base-catalyzed oxidation were a base concen-
tration of 27.5 M NaOH, a temperature of 250◦C, a reaction time of 5 h, and
a partial pressure of oxygen of 5 MPa. Disodium terephthalate is stable to oxi-
dation and is formed in 100% yield. The production of oxalic acid gives the
process an economic boost because oxalic acid has a higher value than ethylene
glycol. PET has also been treated with ammonium hydroxide and steam at 200◦C
to form diammonium terephthalate and EG. TPA was obtained by acidification
with sulfuric acid.5

Polk et al. reported27 that PET fibers could be hydrolyzed with 5% aqueous
sodium hydroxide at 80◦C in the presence of trioctylmethylammonium bromide
in 60 min to obtain terephthalic acid in 93% yield. The results of catalytic depoly-
merization of PET without agitation are listed in Table 10.1. The results of
catalytic depolymerization of PET with agitation are listed in Table 10.2. As
expected, agitation shortened the time required for 100% conversion. Results
(Table 10.1) for the quaternary salts with a halide counterion were promising.
Phenyltrimethylammonium chloride (PTMAC) was chosen to ascertain whether
steric effects would hinder catalytic activity. Bulky alkyl groups of the quaternary
ammonium compounds were expected to hinder close approach of the catalyst to
the somewhat hidden carbonyl groups of the fiber structure. The results indicate
that steric hindrance is not a problem for PET hydrolysis under this set of con-
ditions since the depolymerization results were substantially lower for PTMAC
than for the more sterically hindered quaternary salts.

Hexadecyltrimethylammonium bromide (HTMAB) was included in the
investigation because it had been employed previously. The past success of
HTMAB was attributed to its long-chain alkyl group. Mimicking a long
polymer chain, the hexadecyl group probably aided in the solvation of PET.
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TABLE 10.1 Results of Catalytic Depolymerization of PET without Agitation

Catalyst 30 min 60 min 90 min 150 min 240 min

Control (wt %
PET reacted)

3.99 4.69 12.7 22.6 32.8

TOMAC (wt %
PET reacted)

21.84 44.09 52.78 66.07 69.79

TOMAB (wt %
PET reacted)

24.81 44.71 54.44 64.58 90.15

HTMAB (wt %
PET reacted)

7.08 32.87 44.66 66.22 81.72

TEAOH (wt %
PET reacted)

3.28 5.11 8.01 8.86 22.52

PTMAC (wt %
PET reacted)

1.09 3.58 15.15 30.51 46.76

TABLE 10.2 Results of Catalytic Depolymerization of PET with Agitation

Catalyst 30 min 60 min 90 min 150 min 240 min

Control 3.5 11.33 13.71 26.05 41.74
TOMAC 79.8 92.41 99.52 100
TOMAB 85.71 98.55 100
HTMAB 26.31 50.97 60.68 88.96 100

As expected, HTMAB made a respectable showing in these experiments.
Trioctylmethylammonium chloride (TOMAC) and trioctylmethylammonium
bromide (TOMAB) outperformed all other catalysts. It was postulated that the
three octyl groups were the proper length for solvation of the polymer while at
the same time small enough to avoid sterically hindering the reaction. In order to
determine if TOMAB could be used to catalyze PET depolymerization for more
than one treatment cycle, the catalyst was recovered upon completion of one
treatment and added to a second run for 60 min. Tetraethylammonium hydroxide
(TEAOH) was studied as a catalyst in order to demonstrate the effect of hydroxide
ion as a counterion. The percent PET conversion for the second cycle was 85.7%
compared to a conversion of 90.4% for the first treatment cycle.

10.5.3.3 Neutral Hydrolysis

Neutral hydrolysis of PET is usually carried out under pressure (1–4 MPa)
at temperatures of 200–300◦C.12 High-purity TPA and EG may be obtained
by the hydrolytic depolymerization of PET in an autoclave with excess water.
PET hydrolysis occurs faster in the molten state than as a solid; therefore, it is
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advantageous to carry out the process at temperatures greater than 245◦C. A study
of the factors involved in neutral hydrolysis of PET showed that depolymeriza-
tion occurred in 2 h at 265◦C with an initial ratio of 5.1 : 1 (w/w) water to PET.44

Alkali metal acetates typically catalyze the process. The major problem with this
process is that the impurities present in the waste PET are carried over with the
TPA product, thereby requiring extensive purification of the TPA obtained.

10.5.4 Ammonolysis and Aminolysis of PET

Ammonolysis of PET involves the reaction of PET with ammonia at temperatures
of 70–180◦C, usually under pressure in EG. The ammonolysis of PET postcon-
sumer bottles has been carried out at temperatures in the range of 120–180◦C
and a pressure of ca. 2 MPa for 1–7 h. The TPA diamide formed may be
converted to terephthalonitrile. Terephthalonitrile may be hydrogenated to form
p-xylylenediamine and 1,4-bis(aminomethyl)cyclohexane.12 A low-pressure PET
ammonolysis process in EG has been developed. The process is catalyzed by
0.5 wt % zinc acetate at a temperature of 70◦C and a PET–NH3 ratio of 1 : 6
(w/w). The yield of TPA diamide was 87%.

Aminolysis of PET involves the reaction of PET with primary amines such
as methylamine, ethylamine, and ethanolamine37 at temperatures in the range of
20–100◦C to form the mono- and diamides of TPA.

10.5.5 Combined Methods of Depolymerization of PET

The combined depolymerization methods consist of two or more steps involving
different treatment regimes. Examples include glycolysis–hydrolysis, methanol-
ysis–hydrolysis, and glycolysis–methanolysis. Doerr45 has developed a glycoly-
sis–hydrolysis process for the chemical recycling of PET. In the first stage, PET
is reacted with EG in a high-pressure screw extruder at 280–290◦C (residence
time 2 min) in order to reduce the molecular weight by at least 50%. At this
stage the product consists of BHET and hydroxy-terminated oligomers. In the
second step, the initial product mixture undergoes neutral hydrolysis by reaction
with water to form TPA and EG. The advantage of the two-step approach is that
the time required for the two-step process is much less than that for a single-step
neutral hydrolysis.

A two-step methanolysis–hydrolysis process37 has been developed which
involves reaction of PET with superheated methanol vapors at 240–260◦C
and atmospheric pressure to produce dimethyl terephthalate, monomethyl
terephthalate, ethylene glycol, and oligomeric products in the first step. The
methanolysis products are fractionally distilled and the remaining residue
(oligomers) is subjected to hydrolysis after being fed into the hydrolysis
reactor operating at a temperature of ca. 270◦C. The TPA precipitates from
the aqueous phase while impurities are left behind in the mother liquor.
Methanolysis–hydrolysis leads to decreases in the time required for the
depolymerization process compared to neutral hydrolysis; for example, a neutral
hydrolysis process that requires 45 min to produce the monomers is reduced
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to 15 min for the two-stage process.37 This process is effective even when the
waste PET is contaminated by metals, dyes, paper, film, and other resins. This
process has been used successfully to depolymerize polybutylene terephthalate
with 1,4-butanediol used as the depolymerizing agent in the glycolysis step.

Gamble et al.46 devised a glycolysis–methanolysis process which involves first
dissolving PET in a mixture of EG, TPA, and dimethyl terephthalate oligomers (this
stream actually is obtained from the molten PET formed in the polymerization pro-
cess) at 230–290◦C. The product stream is then reacted with superheated methanol
at temperatures between 250 and 290◦C to form a product mixture which is rich in
dimethyl terephthalate. Most of the contaminants remain in the first reactor, which
enables the process to produce high-purity dimethyl terephthalate.

10.5.6 Hydrolysis of Nylon-6

A process for depolymerizing nylon-6 scrap using high-pressure steam
was patented by the Allied Chemical Corporation in 1965.6 Ground scrap
was dissolved in high-pressure steam at 125–130 psig (963–997 kPa) and
175–180◦C for 0.5 h in a batch process and then continuously hydrolyzed
with superheated steam at 350◦C and 100 psig (790 kPa) to form ε-caprolactam
at an overall recovery efficiency of 98%. The recovered monomer could be
repolymerized without additional purification. Recently, Braun et al.47 reported
the depolymerization of nylon-6 carpet in a small laboratory apparatus with
steam at 340◦C and 1500 kPa (200 psig) for 3 h to obtain a 95% yield of crude
ε-caprolactam of purity 94.4%.

Acid hydrolysis of nylon-6 wastes29,48 in the presence of superheated steam
has been used to produce aminocaproic acid which under acid conditions is con-
verted to ε-caprolactam. Acids used for the depolymerization of nylon-6 include
inorganic or organic acids such as nitric acid, formic acid, benzoic acid, and
hydrochloric acid.5 Orthophosphoric acid and boric acid are typically used as
catalysts at temperatures of 250–350◦C. In a typical process, superheated steam
was passed through the molten nylon-6 waste at 250–300◦C in the presence of
phosphoric acid. The resulting solution underwent a multistage chemical purifi-
cation before concentration to 70% liquor, which was fractionally distilled in the
presence of base to recover pure ε-caprolactam. Boric acid (1%) was used to
depolymerize nylon-6 at 400◦C under ambient pressure. A recovery of 93–95%
ε-caprolactam was obtained by passing superheated steam through molten nylon-
6 at 225–350◦C in the presence of 0.3–1.0 wt % mixed phosphoric acid–boric
acid catalyst.

Sodium hydroxide has been used successfully as a catalyst for the base-
catalyzed depolymerization of nylon-6. At 250◦C, a pressure of 400 Pa, and
a sodium hydroxide content of 1%, the yield of ε-caprolactam was 90.5%.49

10.5.7 Hydrolysis of Nylon-6,6 and Nylon-4,6

The depolymerization of nylon-6,6 and nylon-4,6 involves hydrolysis of the
amide linkages, which are vulnerable to both acid- and base-catalyzed hydrol-
ysis. In a DuPont patent,9 waste nylon-6,6 was depolymerized at a temperature
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of at least 160◦C in the presence of a propyl or butyl alcohol with an aqueous
solution of sodium hydroxide in the amount of at least 20% excess equivalents
of the acid component to be recovered. Craig50 depolymerized nylon-6,6 fibers
in an inert atmosphere at what was reported to be a superatmospheric pressure
of up to 1.5 MPa and at a temperature in the range of 160–220◦C in an aqueous
solution containing at least 20% excess equivalents of sodium hydroxide.

Polk27 reported the depolymerization of nylon-6,6 and nylon-4,6 in aqueous
sodium hydroxide solutions containing a phase transfer catalyst. Benzyltrimethy-
lammonium bromide was discovered to be an effective phase transfer catalyst
in 50% sodium hydroxide solution for the conversion of nylon-4,6 to oligomers.
The depolymerization efficiency (percent weight loss) and the molecular weight
of the reclaimed oligomers were dependent on the amount and concentration
of the aqueous sodium hydroxide and the reaction time. Table 10.3 exhibits
the effects of experimental conditions on the depolymerization efficiency and
the average molecular weight of the oligomers. The viscosity-average molec-
ular weight was calculated from the Mark–Houwink equation: [η] = KMv

a ,
where Mv is the viscosity-average molecular weight, K = 4.64 × 10−2 dL/g, and
a = 0.76 at 25◦C in 88% formic acid. Nylon-4,6 fibers (Mv = 41,400 g/mol)
did not undergo depolymerization on exposure to 100 mL of 25 wt % sodium
hydroxide solution at 165◦C. Out of 6.0 g of nylon fibers fed for depolymeriza-
tion, 5.95 g was unaffected. When the concentration of sodium hydroxide was
increased to 50 wt %, the depolymerization process resulted in the formation of
low-molecular-weight oligomers. Hence, even in the presence of a phase transfer
agent, a critical sodium hydroxide concentration exists between 25 and 50 wt %,
which is required to initiate depolymerization under the conditions used. Soluble
amine salts were also obtained.

In order to establish the feasibility of alkaline hydrolysis with respect to recy-
cling of nylon-4,6, it was necessary to determine whether the recovered oligomers
could be repolymerized to form nylon-4,6. For this purpose, solid-state polymer-
ization was performed on nylon-4,6 oligomers formed via alkaline hydrolysis
with 50 wt % NaOH at 165◦C for 24 h. The solid-state polymerization process

TABLE 10.3 Effects of Experimental Conditions on the Depolymerization
Efficiency of Nylon-4,6

Weight
BTEMB
(g)

Weight
Percent of

NaOH

Volume
of

NaOH (mL)

Weight
Percent of

Fibers
Hydrolyzed

Weight of
Oligomers
Formed (g)

Intrinsic
Viscosity

(dl/g)
Mv

(g/mol)

0.2 25 100 0
0.2 50 100 38.4 3.7 0.14 1846
0.2 50 50 32.0 4.1 0.34 5946
0.2 50 100 39.3 3.6 0.13 1679
0.0 50 100 8.7 5.5 0.29 4704
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was carried out in a round-bottom flask at 210◦C for 16 h under vacuum. Solid-
state polymerization of the nylon-4,6 oligomers resulted in an increase in intrinsic
viscosity from 0.141 to 0.740 dL/g. That corresponds to an increase in viscosity-
average molecular weight from 1846 to 16,343 g/mol. In theory, higher molecular
weights would be obtained by heating for a longer time interval.

The product of the depolymerization of nylon-6,6 with 50% aqueous sodium
hydroxide solution was relatively low molecular weight oligomers. A series of
experiments were run in order to examine the applicability and efficiency of
benzyltrimethylammonium bromide (BTEMB) as a phase transfer catalyst in the
depolymerization of nylon-6,6. Table 10.4 shows the effect of the feed ratio of the
nylon-6,6 to BTEMB on the viscosity-average molecular weight of the depoly-
merized nylon. The product of the run with no phase transfer agent showed a
15.9% increase in weight compared to the weight of the original nylon-6,6. The
calculated percent increase in weight for a 19-fold decrease in molecular weight
(due to the addition of water) would be ca. 1%. Therefore, a large part of the
increase must be due to leaching of silicates of the glass container (resin reaction
kettle) by the strong alkali (50 wt %) at the temperature of the reaction (130◦C)
over 24 h. The oligomer obtained had a viscosity-average molecular weight of
1644 g/mol (the original nylon-6,6 had a molecular weight of 30,944 g/mol).
The runs with phase transfer agent produced oligomers with decreases in weight
of 40–50%. Although the occurrence of leaching of silicates from the glass
container made quantitative assessment difficult, these results suggested that in
the absence of phase transfer agent only oligomers are formed; however, solu-
ble low-molecular-weight products are formed in the presence of phase transfer
agent. The oligomers obtained were repolymerized in the solid state by heating
at 200◦C in a vacuum. The viscosity-average molecular weight of the solid-state
polymerized nylon-6,6 obtained was ca. 23,000 g/mol (the molecular weight of
the oligomeric mixture was 1434 g/mol).

In order to isolate adipic acid, nylon-6,6 fibers were depolymerized under
reflux with a 50% NaOH solution in the presence of catalytic amounts of ben-
zyltrimethylammonium bromide. The oligomers formed in successive steps were
depolymerized under similar conditions. The yields in steps 1, 2, and 3 were

TABLE 10.4 Effect of Feed Ratio of Nylon-6,6 to BTEMB

Experiment
Experi-
ment 1

Experi-
ment 2

Experi-
ment 3

Experi-
ment 4

Experi-
ment 5

Experi-
ment 6

Feed ratio of
nylon/BTEMB
(wt/wt)

5 10.3 20.6 29.4 59.8 no PTA

Decrease in weight
of oligomers

40.3 49.5 55.5 42.5 40.8 −15.9

Oligomer Mv 1556 — 1912 1697 2396 1644
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57.8, 38.7, and 100+% theoretical. However, the researchers were unable to
isolate hexamethylene diamine. The overall yield of adipic acid was 59.6%.

10.5.8 Ammonolysis of Nylon-6,6

McKinney13 has described the reaction of nylon-6,6 and nylon-6,6–nylon-6 mix-
tures with ammonia at temperatures between 300 and 350◦C and a pressure of
about 68 atm in the presence of an ammonium phosphate catalyst to yield a mix-
ture of the following monomeric products: HMDA, adiponitrile, and
5-cyanovaleramide from nylon-6,6 and ε-caprolactam, 6-aminocapronitrile, and
6-aminocaproamide from nylon-6. The equilibrium is shifted toward products
by continuous removal of water formed. Most of the monomers may be trans-
formed into HMDA by hydrogenation. Kalfas51 has developed a mechanism for
the depolymerization of nylon-6,6 and nylon-6 mixtures by the ammonolysis
process. The mechanism includes the amide bond breakage and amide end dehy-
dration (nitrilation) reactions plus the ring addition and ring-opening reactions
for nylon-6 cyclic lactams. On the basis of the proposed mechanism, a kinetic
model was developed for the ammonolysis of nylon mixtures.

10.5.9 Glycolysis of Polyurethanes

Polyurethane glycolysis is usually carried out at temperatures of about 200◦C with
excess glycol concentration in many instances at atmospheric pressure. Ulrich
et al.14 reported the glycolysis of rigid and flexible polyurethane foams to form
polyols which in a 50 : 50 blend with virgin polyols could be utilized in the
preparation of new rigid and semirigid foams. Rigid-foam, flexible-foam, RIM,
and microcellular elastomer scrap has been treated with an equal weight of a 90/10
mixture of dialkylene glycol–diethanolamine at 190–210◦C for several hours.
The cooled residue was reacted with propylene oxide. The resulting polyols could
be substituted for up to 40% of virgin polyols in some rigid-foam formulations.
In a recent patent, Munzmay et al.52 used glycolysis for the chemical recycling of
polyurethane–polyurea or polyurea wastes. The polymeric wastes were reacted
with a diol or polyol at 200◦C followed by reaction of the alcoholysis product
with a carbamic acid ester. The second reaction reduces the concentration of
amino-capped products, which makes the final product suitable for reuse via the
reaction with diisocyanates.

10.5.10 Hydrolysis of Polyurethanes

Meluch et al.10 reported that high-pressure steam hydrolyzes flexible polyurethane
foams rapidly at temperatures of 232–316◦C. The diamines are distilled and
extracted from the steam and the polyols are isolated from the hydrolysis residue.
Good results were obtained by using reclaimed polyol in flexible-foam recipes at
the 5% level. Mahoney et al.53 reported the reaction of polyurethane foams with
superheated water at 200◦C for 15 min to form toluene diamines and polypropy-
lene oxide. Gerlock et al.54 studied the mechanism and kinetics of the reaction
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of polyurethane foam with steam using a polyether–toluene diisocyanate-based
polyurethane as starting material. Reaction with steam at temperatures between
190 and 250◦C led to the hydrolysis of all urea and urethane linkages to form
a high-quality polyol product. The authors observed that the urethane bonds are
rapidly broken by hydrolysis according to the reaction scheme shown in Fig. 10.8,
while the urea bonds are slowly thermally converted to the corresponding iso-
cyanate and amine. The polyols formed by this approach were used in a 20/80
ratio with virgin polyol to react with diisocyanate to form a high-quality flexi-
ble foam.

10.5.11 Ammonolysis and Aminolysis of Polyurethanes

Sheratte55 reported the decomposition of polyurethane foams by an initial reaction
with ammonia or an amine such as diethylene triamine (at 200◦C) or ethanolamine
(at 120◦C) and reacting the resulting product containing a mixture of polyols,
ureas, and amines with an alkylene oxide such as ethylene or propylene oxide at
temperatures in the range of 120–140◦C to convert the amines to polyols. The
polyols obtained could be converted to new rigid foams by reaction with the
appropriate diisocyanates.

10.5.12 Combined Chemolysis Methods for the Depolymerization
of Polyurethanes

Polyurethane33 is degraded by a mixture of water, diethylene glycol, and alkali
metal hydroxides at 200◦C. When sodium hydroxide is used as a catalyst,
carbamates and ureas in the product are converted to amines and alcohols
by hydrolysis. After 4 h, the polyurethane is completely decomposed to form
polyols, amines, isocyanates, and carbon dioxide. Kondo et al.56 have reported
the degradation of polyurethane and polyisocyanurate foams by reaction with
a mixture of a glycol and ethanolamine at temperatures of about 200◦C for
30 min. The resulting product was used for the production of rigid polyurethane
foams. Van der Wal57 describes the combined aminolysis and hydrolysis of
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polyurethane scrap by reaction with a mixture of diethanolamine and aqueous
sodium hydroxide. The reaction product is treated with propylene oxide to form
a polyol, which is essentially free of amino endgroups.

10.5.13 Characterization/Monitoring of Depolymerization Process

10.5.13.1 Polyesters

The hydrolytic depolymerization of PET is followed by obtaining the initial and
final weights of the PET and applying the formula:

Percent degradation of PET =
weight of PET
before reaction − weight of PET

after reaction
weight of PET before reaction

× 100%

The extent of depolymerization of PET as a result of glycolysis requires the
determination of the hydroxyl value of the glycolyzed PET:

Extent of depolymerization = hydroxyl value of glycolyzed PET
hydroxyl value of BHET

× 100%

The hydroxyl value58 is calculated from the formula:

Hydroxyl value = 56(ν1 − ν2)n

m
,

where ν1 and ν2 are the volumes in milliliters of 0.5 N KOH used for titration of
the blank and the sample, respectively; n is the normality of the KOH solution,
and m is the weight of the polyol sample in grams. To obtain the hydroxyl value,
about 2 g of polyol is weighed into a 250-mL flask and 20 mL of the acetylation
mixture of anhydrous pyridine (17.6 mL) and acetic anhydride (2.4 mL) is added.
A reflux condenser is affixed to the flask and the contents of the flask are heated
on a boiling water bath with occasional shaking for 1 h or more to cause complete
dissolution of the PET polyol. When the polyol has completely dissolved, 25 mL
of dry dichloroethane or benzene is added, the flask is stoppered, and the contents
of the flask are vigorously shaken. The solvent addition should help to dissolve or
at least finely divide the material. Next, 100–150 mL of water is added and after
vigorous shaking the solution is titrated with 0.5 N KOH, with phenolphthalein
added as an indicator.

10.5.13.2 Nylon-648

The hydrolytic depolymerization of nylon-6 was followed by gel permeation
chromatography (GPC), viscometry, and gravimetry. GPC determinations were
performed on a Waters 150C chromatography system using benzyl alcohol as
the eluant, two Plgel 10-µm crosslinked polystyrene columns, and a differential
refractometer detector. The flow rate was 1 mL/min. The concentration of the
polymer solutions was 0.5 wt % and dissolution was accomplished at 130◦C.
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The molecular weights were estimated by applying the Mark–Houwink rela-
tionship [η] = KMa . The intrinsic viscosity [η] was determined in m-cresol at
20◦C. The values for K in the literature vary from 1.35 to 18.10 × 10−4 and the
a values vary from 0.654 to 0.96 for polyamide–cresol systems.

Disc samples for gravimetry which were 14 mm in diameter and 2 mm thick
were dried at 80◦C for 2 days. The dried samples were weighed (m0) and then
placed in an acid solution. After an appropriate immersion period, they were
vacuum dried at 80◦C for 1 week and reweighed (m1). The weight variations
during hydrolysis are represented by [(m0 − m1)/18m0] × 100%

10.5.13.3 Polyurethane

The glycolysis of polyurethane with diethylene glycol59 was followed by gel
permeation chromatography on a Waters Associates model 150-C GPC system
equipped with a refractive index detector, a model 730 data module with GPC
calculation capability, and a µ-Styragel column set consisting of five columns
with permeability limits of 103, 104, 105, 500, and 100 Å. Tetrahydrofuran was
the eluant at 40◦C and a flow rate of 1.5 mL/min. The GPC was calibrated with
commercially available polypropylene glycols and dipropylene glycol in order to
calculate average molecular weights of glycolysis products.

Mahoney et al.53 followed the hydrolysis of polyurethane by UV analysis of
spectra recorded by a Cary model H spectrophotometer from 2500 to 3300 Å.
Reference samples of pure 2,4-toluenediamine and pure 2,6-toluenediamine were
shown to obey Beer’s law in the range 2500–3300 Å. For the 2,4-isomer, εmax

at 2930 Å was 2300 ± 50 M−1 · cm−1 and for the 2,6-isomer, εmax at 2940 Å
was 1170 ± 20 M−1 · cm−1. The ratio of the 2,4-isomer to the 2,6-isomer in the
foam sample was 4 : 1 with a theoretical yield equal to 18.7 mg/100 mg of foam.
Therefore, for complete reaction, the calculated absorption at 2940 Å, due to the
2,4-isomer/100 mg of foam/mL of water and 2,6 isomer/100 mg foam/100 mg
water would be 278 and 33, respectively. The yields of diamine as a function of
time were calculated by the equation

Percent yield = absorption/100 mg foam/mL of water
311

× 100%

10.6 SYNTHETIC METHODS

10.6.1 Depolymerization of Polyesters

10.6.1.1 Glycolysis of PET to Obtain BHET36

To a stainless steel reactor equipped with a heating mantle, a charging port,
a condenser for removing ethylene glycol, an inert gas inlet, and a sampling
valve were added 400 g of bis(2-hydroxyethyl)terephthalate, 136 g of ethylene
glycol, and 0.035 g (or 0.225 g) of sodium acetate trihydrate. The temperature
was raised to between 190 and 200◦C in 1 h and then 454 g of waste polyester
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was added. The waste polyester consisted of polyester fibers which contained,
on average, about 0.5% spin finish with 22% of the waste being of an ethylene
terephthalate copolyester containing 2 mol % of ester units from the addition of
3,5-di(carbomethoxy)benzenesulfonate. The temperature of the material in the
reactor was raised over a period of 1.25 h to allow the polyester to undergo
glycolysis. In four of the runs, the temperature was raised to 225◦C and in the
remaining two runs to 235◦C; in half of the runs at each temperature, water was
added. Following the glycolysis interval, unreacted ethylene glycol was removed
over a period of 4.75 h.

The BHET obtained by depolymerization may be conveyed to a polymerizing
reactor through a transfer valve for repolymerization.

10.6.1.2 Polyester Polyols from Glycolyzed PET Waste

Example 1. Depolymerization with EG, Propylene Glycol, or Diethylene Gly-
col.35 The PET waste was depolymerized to form oligomeric diols by refluxing
it with 62.5% (w/w) ethylene glycol, propylene glycol, or diethylene glycol. The
depolymerization process was carried out in the presence of 0.5% (w/w) zinc
acetate based on the weight of PET at the reflux temperature of the glycol for
8 h. Extents of depolymerization varied form 0.8461 to 0.9955.

Example 2. Depolymerization with Diethylene Glycol in the Presence of Tetra-
butyl Titanate.60 Diethylene glycol (25,300 g) and 10 g of tetrabutyl titanate
were charged to a 50-L reactor fitted with a mechanical stirrer, a thermometer,
a reflux condenser, an inlet and outlet for nitrogen, and a heating mantle. The
reaction mixture was heated to 220◦C and 18,800 g of PET scrap pellets was
added to the reactor over a period of 2.5 h. Phthalic anhydride (4500 g) was
added to the resulting solution, and the ingredients were heated at 240◦C for 3 h.
The water formed was removed from the reactor as the reaction proceeded. The
polyol mixture obtained had an acid number of 1.4, a viscosity of 1250 cps at
25◦C, a free diethylene glycol content of 19.06%, a free ethylene glycol content
of 3.66%, and a hydroxyl number of 439.5.

Example 3. Depolymerization Followed by Repolymerization.61 BHET oligo-
mer (2142 parts) having an EG-to-TPA equivalent ratio of 1.5 was added to a
depolymerizing reactor containing a rectifier, an agitator, and a heater. The BHET
oligomer was melted by heating to a temperature of 220◦C, and 1850 parts of PET
scrap pellets were added to the molten BHET oligomer through a scrap delivery
pipe under nitrogen. Simultaneously, 292 parts of EG were added continuously for
40 min, the moisture was distilled from the reactor by using the rectifier equipment,
and depolymerization was completed in 65 min while the EG was refluxing. The
reaction mixture was maintained at a temperature of 230◦C during the course
of the depolymerization process. Next 2142 parts of the product obtained were
filtered and transferred to a polymerization reactor. Phosphoric acid (0.37 part)
and 0.555 part of antimony trioxide were added to the polymerization reactor.
The temperature and pressure in the polymerization reactor were raised to 290◦C
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and 0.05 mm Hg, respectively, over a period of 60 min, and the polymerization
was continued for 2 h to produce a polyester having an intrinsic viscosity of 0.650
(in o-chlorophenol at 25◦C) and a softening point of 256◦C.

Example 4. Depolymerization under Pressure.62 PET resin was depolymerized
at pressures which varied from 101 to 620 kPa and temperatures of 190–240◦C in
a stirred laboratory reactor having a bomb cylinder of 2000 mL (Parr Instrument)
for reaction times of 0.5, 1, 2, and 3 h and at various ratios of EG to PET. The
rate of depolymerization was found to be directly proportional to the pressure,
temperature, and EG–PET ratio. The depolymerization rate was proportional to
the square of the EG concentration at constant temperature, which indicates that
EG acts as both a catalyst and reactant in the chain scission process.

Example 5. Glycolysis to Yield Polyols Used to Synthesize Polyurethanes.63 A
three-necked flask equipped with a condenser and stirrer was charged with 40 g
of PET, 66 g of ethylene glycol, and 0.53 g of zinc acetate. The reaction mixture
was heated at 190◦C for 6 h. After cooling the mixture was mixed with 1 L of
water and filtered. The white product obtained was dried under a vacuum at 80◦C
for 24 h.

A three-necked flask equipped with a condenser and stirrer was charged with
the PET depolymerization product (0.05 mol of BHET and dimer in the ratio of
80 to 20 wt %), 0.05, 0.10, and 0.15 mol of ε-caprolactone (in separate experi-
ments), and 0.1 wt % of dibutyltin dilaurate. The reaction mixture was heated at
150◦C for 2 h. The resulting co-oligomer (0.01 mol) was dissolved in 500 mL of
tetrahydrofuran in a three-necked flask equipped with a condenser and a stirrer.
After the temperature was raised to 67◦C, a solution of 0.01 mL of hexamethylene
diisocyanate in 50 mL of tetrahydrofuran was added dropwise. After heating and
stirring the reaction mixture for 12 h, it was cooled and precipitated in ether. The
polyurethane precipitate was collected by filtration and dried at 70◦C for 12 h.

10.6.1.3 Unsaturated Polyesters from PET Waste34

PET waste was glycolyzed at different weight ratios of PET to propylene glycol
in the presence of 0.5% (w/w) zinc acetate, based on the weight of PET, as the
catalyst. The reaction was carried out at about 200◦C under reflux in a nitro-
gen atmosphere for 4 h in a four-necked round-bottom flask fitted with a reflux
condenser, gas bubbler, thermometer, and stirrer.

Unsaturated polyesters were obtained by reacting the glycolyzed product with
maleic anhydride at a hydroxy-to-carboxyl ratio of 1 : 1. The hydroxyl number
was determined without separation of the free glycol. The polyesterification reac-
tion was conducted in a 2-L round-bottom flask equipped with a condenser, a
gas bubbler, a thermowell, and a stirrer. The reaction mixture was heated from
room temperature to 180◦C in about 1–1.5 h. The temperature was maintained
at 180◦C for about 3 h, then raised to 200◦C and maintained until the acid value
reached 32 mg KOH/g.
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10.6.1.4 Methanolysis of PET64

A vessel heated with diphenyl to 285◦C and equipped with a pump was charged
over a 24-h period with 15 tons of polyester waste in the form of ribbons, fibers,
foils, and chips. The melted PET waste was pumped under nitrogen into a second
vessel with a stirrer and maintained at an internal temperature of 250–270◦C.
The polyester melt was then transferred into an autoclave into which methanol
heated to 200◦C was simultaneously metered. Molten PET (400 kg) and 1600 kg
of methanol were added to the autoclave over a period of 1 h. A temperature
of 210◦C and a pressure of 3–4 MPa were maintained in the autoclave. The
vessel contained an overflow such that after 10 min the reaction mixture flowed
through an immersion tube into a second autoclave. The second vessel also had
an overflow so that the reaction mixture flowed upward at a temperature of
200◦C and under a pressure of 3–4 MPa. After leaving the second autoclave, the
pressure of the reaction products was reduced to 0.3 MPa and the products were
passed into a stirred vessel having an internal temperature of 100◦C. Next the
DMT product in methanol was conveyed through heated tubes into stirred vessels
and the pressure was decreased to atmospheric pressure, the mother liquor was
filtered off, and the crystallized reaction product was washed with fresh methanol,
suspended, and separated by centrifugation. A conversion of 70–90% of the PET
to DMT was achieved in the first stage over a residence time of 7–13 min.

10.6.1.5 Methanolysis of PET and Repolymerization of EG
and DMT Obtained65

DMT (72.75 g, 0.375 mol), 93 g of EG (1.5 mol), 1 mL of an EG solution con-
taining 1.588 g of zinc acetate dihydrate catalyst per 100 mL of EG, and 2 mL
of an EG solution containing 2.18 g of antimony trioxide catalyst per 200 mL
of EG were added to a 500-mL three-necked round-bottom flask equipped with
a ground-glass distillation head, a stirrer, and a nitrogen inlet. Commercial post-
consumer PET flake (72 g, 0.375 mol, intrinsic viscosity (IV) 0.70) obtained by
cleaning and grinding PET soft-drink bottles is added to the mixture in the flask.
Next the flask is immersed in a Belmont metal bath and heated for 1 h at 200◦C
and about 2 h at 210◦C. The theoretical amount of methanol was collected. The
mixture was a clear, transparent solution. After removing any solid with a glass
tube siphon (while keeping a nitrogen blanket over the molten solution) with a
vacuum line attached, the contents of the flask were transferred to a second poly-
condensation flask equipped as before for the transesterification flask. The molten
liquid at 210◦C was filtered to remove any solids and the polycondensation flask
was immersed in a Belmont metal bath that has been preheated to 210◦C. The
temperature was increased to 280◦C and the pressure in the flask was reduced to
13.3 to 66.7 Pa for 20 min. The vacuum was then discontinued and nitrogen was
passed into the flask. The flask containing the molten polymer was removed and
the molten polymer was poured into a 2-L stainless steel beaker containing ice
water. The water was stirred continuously and the molten polymer was quenched
to form a continuous rod. The amorphous rod had an IV of 0.36. The rod was
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ground to pass a 3-mL screen and mixed with similarly ground virgin PET of
IV 0.36 to give a 25% or more content of recycled PET. The blend was then
allowed to undergo solid-state polymerization at about 215◦C in a fluidized bed
with a stream of dry nitrogen until the IV became 0.76.

10.6.1.6 Hydrolysis of Waste PET by Sulfuric Acid43

PET powder was prepared from commercial PET bottles and had a number-
average molecular weight of 30,000. PET powder (0.2 g) was placed in 30 mL
of relatively dilute sulfuric acid (10 M) in a sealed Pyrex tube and heated to
150◦C for 1–6 h in an oven. After the reaction mixture was allowed to cool,
the precipitate of TPA and PET residue deposited was filtered through a 1G-5
glass filter. TPA was separated as the ammonium salt by dissolving it in 12 mL
of 5 M NH3. The TPA was reprecipitated by sulfuric acid solution. The yield of
TPA was 100% in 10 M sulfuric acid solution.

10.6.1.7 Hydrolysis of PET with Sodium Hydroxide in Ethylene Glycol

Example 1. Test Tube Experiment.42 PET pellets (0.48–1.92 g), sodium
hydroxide (0.21–0.84 g), and ethylene glycol (5 mL) were added to a test tube
under a nitrogen atmosphere, and the mixture was heated to 150–180◦C with
stirring. After 80, 50, 30, and 15 min at 150, 160, 170, and 180◦C, respectively,
the test tube was cooled quickly in cold water, and the reaction mixture was poured
into 50 mL of distilled water and titrated with standard 0.2 N HCl solution up
to pH 7 to measure the amount of NaOH consumed (which is equivalent to the
molar amount of sodium carboxylate formed). In preliminary experiments, the
titration results for the filtrates, which were obtained after removing disodium
terephthalate and unreacted pellets, were found to be the same as those for
unfiltered gross mixtures; therefore, all titrations were carried out on the gross
mixtures. After titration, the unreacted pellets were removed and the filtrate
acidified with concentrated hydrochloric acid to form terephthalic acid. The
terephthalic acid obtained was dried and weighted. The reaction occurring at
180◦C for 15 min gave a quantitative yield of TPA.

Example 2. Reactor Experiment.66 Waste PET (110 g), 800 g of ethylene gly-
col, and 93 g of 50% aqueous sodium hydroxide were introduced into a reactor.
The reaction mixture was heated to 170◦C with agitation while collecting dis-
tillate (mostly water with some ethylene glycol). The slurry, which consisted of
disodium terephthalate in ethylene glycol, was filtered at a temperature of 170◦C
in a vacuum filter. The disodium terephthalate obtained was pressed as dry as
possible and the ethylene glycol was recovered. The filter cake was washed with
room temperature EG to remove impurities and to cool the disodium terephtha-
late to less than 100◦C, followed by washing with a saturated solution of disodium
terephthalate in water (maintained at 90–100◦C).

The disodium terephthalate was dissolved in water (15 g of disodium tereph-
thalate is soluble in 100 mL of cold water). The solution was filtered to remove any
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insoluble impurities (e.g., pigments, polyethylene, vinylidene-chloride-type degra-
dation products). The solution was then neutralized with 100% sulfuric acid. The
resulting slurry was heated at 90–95◦C for 15 min, followed by filtration. The filter
cake was then washed with seven 300-mL portions of distilled water to remove the
inorganic sulfates formed during neutralization. The terephthalic acid obtained
was dried in a dryer for 3 h at a temperature of about 125◦C.

Immediately prior to the neutralization with sulfuric acid, the solution may be
heated to about 90◦C with about 3% (based on the total weight of terephthaloyl
content) of pulverized activated carbon added while the solution was being agi-
tated. The mixture was heated for 15 min at 90–95◦C followed by removal of
the carbon by filtration. This treatment substantially improved the color of the
solution. The purified terephthalic acid obtained after neutralization was recy-
cled back into the PET polymerization process by adding it directly to the BHET
(formed by the ester interchange reaction between DMT and EG) prior to sub-
stantial polymerization having taken place in up to 20% by weight based on the
weight of DMT. Under these conditions, the resulting polymer had excellent color
and properties equivalent to control polymer.

10.6.1.8 Hydrolysis of PET by Sodium Hydroxide in the
Presence of Phase Transfer Catalysts27

In a 300-mL round-bottom flask, a 5% sodium hydroxide solution (250 mL)
was heated to 80◦C in a constant-temperature bath. The catalysts were
added in the following amounts in separate experiments: trioctylmethy-
lammonium chloride (TOMAC) (0.04 g, 0.0001 mol); trioctylmethylammo-
nium bromide (TOMAB) (0.045 g, 0.0001 mol); hexadecyltrimethylammo-
nium bromide (HTMAB) (0.045 g, 0.0001 mol); tetraethylammonium hydrox-
ide (TEAOH) (0.015 g, 0.0001 mol); and phenyltrimethylammonium chlo-
ride (PTMAC) (0.02 g, 0.0001 mol). PET fibers (1.98 g, 0.01 mol) were added
to the mixture and allowed to react for 30, 60, 90, 150, and 240 min. Upon
filtration, any remaining fibers were washed several times with water, dried in
an oven at 130–150◦C, and weighed. The results are shown in Table 10.1.

The agitation studies for PET depolymerization were performed in the Atlas
“Launder-ometer.” The Launder-ometer is a device for rotating closed contain-
ers in a thermostatically controlled water bath. The procedure used in these
experiments was adapted from an American Association of Textile Chemists
and Colorists (AATCC) standard test method. The 5% sodium hydroxide solu-
tion (250 mL) was preheated to 80◦C in a 1-pint stainless steel jar. The cat-
alysts were added in the following amounts in separate experiments: TOMAC
(0.04 g, 0.0001 mol); TOMAB (0.045 g, 0.0001 mol); and HTMAB (0.045 g,
0.0001 mol). The PET fiber specimens (1.98 g, 0.01 mol) were placed in the
containers along with ten 1

4 -in. stainless steel balls to aid in the agitation process.
The jars were sealed in the Launder-ometer, whose bath was at the desired tem-
perature (80◦C). The machine was allowed to run for the allowed treatment times
(i.e., 30, 60, 90, 150, and 240 min) at 42 rpm. Upon decanting, any residual fibers
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were washed several times with water, dried in an oven at 144◦C, and weighed.
The results are shown in Table 10.2.

Alkaline depolymerization of PET at 80◦C in the presence of phase transfer
agents resulted in the isolation of terephthalic acid in yields as high as 93%.

10.6.1.9 Neutral Hydrolysis of PET

Example 1. Hydrolysis of Bottle Waste.67 The PET used in this experiment was
postconsumer uncolored bottle polymer which was chopped into flakes. Analysis
showed that the PET contained 29.37 wt % ethylene glycol, 1.77 wt % diethylene
glycol, 0.92 wt % triethylene glycol, and 2.63 wt % cyclohexanedimethanol.
Waste PET (200 g) and distilled water (800 g) were added to a stirred
1.8-L Hastelloy C PARR TM autoclave. The autoclave was pressurized with
nitrogen to 250 psig, stirring was commenced, and the autoclave was heated to
220◦C. The reaction was allowed to continue with stirring under autogenous
pressure at 220◦C for 2 h. The autoclave was cooled to ambient temperature
followed by venting. The reaction mixture was removed from the autoclave and
vacuum filtered. Analysis of the aqueous filtrate (670 g) by high-pressure liquid
chromatography and gas chromatography revealed the presence of the following
substances: 0.2 wt % 2-hydroxyethyl terephthalic acid, 6.87% wt % ethylene
glycol, 0.43 wt % diethylene glycol, 0.015 wt % triethylene glycol, 0.121 wt %
cyclohexanedimethanol, 0.023 wt % acetaldehyde, and 0.006 wt % 2-methyl-1,
3-dioxolane. The solid precipitate contained 96.4 wt % TPA and 2.4% wt %
2-hydroxyethyl terephthalic acid.

Example 2. Hydrolysis of PET Chips.68 PET chips (10 g) and 100 g of water
were charged to a Parr 4560 minireactor equipped with a 300-mL bomb and a
variable-speed motor for stirring and the reaction mixture was heated to 265◦C.
The temperature was maintained for 10 min at a rate of stirring of 400 rpm and
autogenous pressure. The vessel was then quickly removed from the heating man-
tle, immersed in an ice bath, and quenched to ambient conditions. The mixture in
the bomb was filtered through a sintered glass filter to yield a solid and a liquid
phase. The liquid phase composed of water, ethylene glycol, and diethylene glycol
was analyzed by gas chromatography. The solid phase, which mainly consisted of
unreacted PET, oligomers, and terephthalic acid, was washed by deionized water,
dried at 80◦C, and ground to form a fine powder. The carboxylic acid concen-
tration was determined by titration. The yield of EG was 98.1% and diethylene
glycol 1.15%.

Example 3. Hydrolysis in an Extruder.69 PET reactive extrusion experiments
were carried out on a 25-mm Berstorff ZE25 corotating twin-screw extruder with
a barrel length-to-screw ratio of 28 : 1. The extruder consisted of six barrel
sections equipped for heating, cooling, and controlling the temperature of each
section of the extruder. Initially reaction extrusion of PET and water was per-
formed with cold water at room temperature injected into the extruder. Typical
operating conditions were reaction temperatures of 230–265◦C, extruder speeds
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of 10–50 rpm, PET feed rate of 0.62–2.67 kg/h, and water injected at 21–81% of
the weight of PET. The highest degree of depolymerization occurred at the low-
est PET feed rate and screw speed and highest reaction temperature. A carboxyl
group concentration of 0.1248 mmol/g was obtained for a ratio of 24% weight of
water to PET; the carboxyl group concentration for virgin unprocessed PET was
0.0137 mmol/g.

Experiments were also carried out with saturated steam at reaction and steam
temperatures of 260, 280, and 300◦C with a low screw speed and feed rate. When
extruding polymer melts alone, the lowest residence time measured was about
18 min. As a result of the depolymerization of PET decreasing the viscosity, steam
injection cut the residence times approximately in half. At a temperature of 260◦C
and steam injected at 1.52 times the weight of PET, the carboxyl group concentra-
tion of the extrudate was 0.1611 mmol/g. With approximately the same steam feed
rate at 280◦C, the carboxyl group concentration increased to 0.2123 mmol/g, and
at 300◦C, the carboxyl group concentration of the extrudate was 0.249 mmol/g.

Experiments were also carried out at high pressures generated in the reaction
zone by using a throttling device to control extruder output. When the pressure
in the extruder was raised to 1103 kN/m2 (160 psig) at a temperature of 270◦C,
a PET feed rate of 0.58 kg/h, and a water–PET ratio of 1.73 : 1, the extrudate
carboxyl group concentration was 0.9902. The carboxyl group concentration of
the extrudate increased under similar conditions when the temperature was raised
to 300◦C and the pressure in the reaction zone was 965 kN/m2 (140 psig).

10.6.1.10 Ammonolysis of PET70

In a continuous process, ground PET bottles (830 parts) in an aqueous slurry were
pumped into an autoclave equipped with a stirrer and maintained at 450–550 psig
pressure and 191–232◦C. Ammonium hydroxide (300 parts) solution consist-
ing of water (7857 parts), ethylene glycol (493 parts), and ammonium sulfate
(918 parts) was introduced into the reactor. The retention time in the reactor
varied from 5 to 45 min. The aqueous diammonium terephthalate and ethylene
glycol solution was withdrawn from the reactor and filtered while hot to remove
solid impurities such as pigments, pieces of metal caps, labels, and cap liners.
The filtrate was acidified with sulfuric acid solution to liberate the TPA product.
The recovered TPA usually had a purity of 99% or higher.

10.6.1.11 Aminolysis of PET71,72

Most degradation experiments carried out on polyesters have involved treating
the PET with aqueous primary amines, usually 40% aqueous methylamine at
20◦C (or room temperature). In most cases, 30–50 mg of vacuum-dried PET was
exposed to excess aqueous amine contained in an airtight tube to prevent the loss
of gaseous methylamine from the aqueous solution. The reactions were carried
out with or without agitation over various periods of time. After the degradation
experiment, the sample was filtered, carefully washed, and dried at 60◦C for 3 h to
remove water and residual methylamine. After drying, the weight loss and extent
of chain scission were determined (by viscometry). In some experiments, the
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residues after aminolysis were separated by centrifugation. Considerable weight
losses and viscosity decreases have been observed.

10.6.1.12 Glycolysis–Hydrolysis of PET45

PET was passed into an extruder where it was melted. Ethylene glycol was also
pumped to the extruder. The molten PET and ethylene glycol were mixed in the
extruder at a temperature in the range of 280–285◦C and a pressure of about
6.9 MPa. The total residence time of the EG and PET in the pre–molecular
weight reduction zone was about 2 min. The lower molecular weight PET was
then passed into a hydrolyzer, in which the molten lower molecular weight PET
was exposed to water at a high temperature at a pressure of about 4.1 MPa.
The polyester was hydrolyzed to EG and TPA in the hydrolyzer. The hydrolysis
reaction was complete in approximately 15 min. In contrast, if the PET were
passed to the hydrolyzer operated at 4.1 MPa without undergoing preglycolysis,
about 45 min would be required to complete the hydrolysis reaction.

10.6.1.13 Glycolysis–Methanolysis of PET46

A dissolver equipped with an agitator was charged with 2000 parts of PET
oligomers, containing a mixture with degrees of polymerization varying from
2 to 20 and heated to about 250◦C to melt the material. Ground scrap PET
bottles containing polyolefin bottom cups, aluminum bottle caps, labels, and
adhesives were fed to the dissolver at a rate of 2.5 parts per minute (mixing
time is about 5–60 min). The dissolver melt obtained was fed to a reactor (oper-
ated at a pressure of about 30–50 psig and a temperature of about 250–290◦C)
and superheated methanol vapor was fed to the reactor at a rate of 20 parts per
volume and circulated through the molten mass to form a melt consisting of low-
molecular-weight polyesters, monohydric alcohol-ended oligomers, glycols, and
DMT. Methanol, glycols, and DMT were collected by distillation. A light layer
of polyolefins could be skimmed from the mass and aluminum collected from the
bottom of the melt for removal from the dissolver. The reactor melt was returned
to the dissolver as ground scrap PET was continuously fed to the dissolver.

10.6.2 Depolymerization of Nylons

10.6.2.1 Neutral Hydrolysis of Nylon-6 in Carpet Waste

Example 1. Neutral Hydrolysis at 410–450 kPa.47 A Waters 590 high-
performance liquid chromatography (HPLC) pump was used to pump water at
a rate of 2–6 g/min through two steam generators in series. Heating tape was
used to heat transfer lines and valves. Reactor heating was achieved by heating
three zones with individual 400-W cable heaters for each zone. High-temperature
needle valves were situated at the reactor overheads and bottoms exit points.

In a typical reactor, 180 g of chipped carpet extrudate was charged to a 43 ×
1 -in.-diameter stainless steel reactor while the reactor was purged with nitrogen.
Analysis of the extrudate indicated a 57.6% nylon content. The system was sealed
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and all zones except that in contact with the carpet extrudate itself were brought
up to temperature. Next the reactor body was heated and steam flow started when
the reactor’s internal temperature reached ∼120◦C (∼20 min). The reactor was
maintained at a pressure in the range of 410–450 kPa (45–50 psig) during heat-
up and increased to the desired pressure when the temperature reached ∼180◦C.
Samples of overhead condensate were collected throughout the experiment. At the
end of the reaction, the steam flow was terminated and the overhead exit valve
was closed. The nitrogen inlet valve at the top was opened and the pressure in
the system was allowed to increase slightly. The residue was removed by carefully
opening the valve at the bottom of the reactor and collecting the expelled residue in
a metal beaker. After sampling the overhead fractions for GC and HPLC analysis,
50% of the combined overhead samples were evaporated to dryness on a rotary
evaporator. The solid obtained was analyzed by GC and HPLC. The perman-
ganate number and color were also determined for the solid ε-caprolactam. The
solid sample collected from the bottom of the reactor was analyzed for residual
nylon by nitrogen analysis. At temperatures between 300 and 340◦C, 3 or 6 g/min
steam, and pressures of 620–1500 kPa (75–200 psig), crude ε-caprolactam yields
of 87–95% were obtained.

Example 2. Neutral Hydrolysis of Nylon-6 at 932 kPa.73 A shredded carpet
having nylon-6 face fibers and a backing of polypropylene and calcium-carbonate-
filled styrene-butadiene rubber latex (SBR) was extruded and the extrudate ground
to 5 mesh chips. The resulting whole carpet feedstock (178.8 g) containing 57.6%
by weight of nylon-6 was placed in a cylindrical stainless steel reactor of 24.5 mm
diameter and 1070 mm height. The reactor was connected to a condenser which
was equipped with a back-pressure valve at the exit set at 932 kPa (9.2 atm). Super-
heated steam was passed through the bottom of the reactor while the temperature
of the reactor was maintained at 300◦C. Overhead cuts (distillate) were taken
frequently and analyzed for caprolactam, caprolactam oligomers, and ammonia.
In total, 1094 g of distillate was collected in 6.0 h containing 92.5 g caprolac-
tam, 0.54 g caprolactam cyclic dimer, and 0.126 g ammonia. The molar yield of
ε-caprolactam obtained from the nylon-6 present in the carpet was 89.8%. The
relative moles of cyclic dimer (expressed as caprolactam equivalents) and relative
moles of ammonia compared to lactam produced were 0.58 and 0.91%, respectively.

10.6.2.2 Acid-Catalyzed Hydrolysis of Nylon-6 in Carpet Waste74

Nylon-6 (108 g) carpet backed with calcium-carbonate-filled latex and polypropy-
lene was charged to a 1000-mL three-neck round-bottom flask (equipped with a
condenser) with 6 mL of 85% phosphoric acid. Superheated steam was injected
continuously during a 45-min period. The vapor temperature of the reaction
medium was 250–300◦C. The volume of distillate collected was 1065 mL. The
distillate contained 1.9% ε-caprolactam (as determined by GC), which corre-
sponded to a crude yield of 37.5%. The distillate was fractionated in a distillation
column and the nonaqueous phase removed. The remaining aqueous phase was
treated with 2% potassium permanganate at 40–50◦C for 2 h. Evaporation of
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the water produced solid ε-caprolactam. The crude ε-caprolactam obtained was
distilled at about 1 mm Hg to produce pure ε-caprolactam.

10.6.2.3 Acid-Catalyzed Hydrolysis of Nylon-6,68

Dyed waste nylon-6,6 stockings were thoroughly washed and dried. The dried
stockings were treated with sulfuric acid in water in the ratio of 1 : 1 : 1 at
115–120◦C at reflux for 5 h. The reaction mixture was cooled and the solid adipic
acid, which precipitated on cooling, was collected by filtration. The filtrate was
hydrolyzed for an additional 5-h period and the adipic acid collected by filtration.
The filtrate, which contained sulfuric acid, HMDA sulfate, and a small quantity of
adipic acid was slowly added to a slurry of lime in water (1 : 7) maintained at a
temperature of 70◦C to neutralize the sulfuric acid and obtain an aqueous solution
of the free amine. The solid calcium sulfate and unreacted lime were collected by
filtration and the calcium sulfate cake was reslurried with water two or three times
followed by adding the aqueous washings to the free amine solution. Pure HMDA
was obtained by first distilling water from the aqueous washings at atmospheric
pressure and them distilling HMDA at 35 mm Hg and a temperature of 108◦C.
The adipic acid was purified by treatment with decolorizing carbon followed by
two recrystallizations from water. The HMDA and adipic acid obtained in the
process were suitable for making new nylon products which compared favorably
with those made from virgin monomers.

10.6.2.4 Acidolysis of Nylon-6,675

Waste nylon-6,6 was washed in a diluted commercial detergent solution at 100◦C
for 0.5 h and then rinsed twice with water to remove any finishes present. The
washed nylon-6,6 was then reacted with molten adipic acid for 1.5 h or more at
a temperature of 175◦C with a weight ratio of nylon-to-adipic acid of 0.15 : 1.
The molten product was then exposed to steam at a temperature of 230–233◦C to
remove any stabilizers present. The acidolysis product was then hydrolyzed with
water at a temperature of 204◦C under autogenous pressure for 0.5 h or longer
with a ratio of water to acidolysis product of 0.50 : 1 (w/w). The hot solution was
then filtered at 100◦C to remove any titanium dioxide present. The filtered product
was then mixed with HMDA to neutralize any excess acid present. The solution
was then filtered to remove any solids. A 50% by weight aqueous solution of
HMDA was added to the filtrate, and under standard polymerization conditions,
polyhexamethylene adipamide (nylon-6,6) was produced.

10.6.2.5 Alkaline Hydrolysis of Nylon-6,69

Example 1. Alkaline Hydrolysis of Nylon-6,6 in Isopropanol.9 Isopropanol
(209 parts), 267 parts of water, 54 parts of 97% sodium hydroxide, and 100 parts
of nylon-6,6 were charged to a 1-gal stainless steel autoclave. Under an
atmosphere of nitrogen, the charge, which weighed 1060 g, was heated in the
autoclave to 180◦C for 1.5 h with constant agitation and then cooled. A clear
two-phase liquid was obtained which had an alcoholic upper phase and an
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aqueous lower phase. The alcohol phase was decanted and the aqueous phase
was washed with a small amount of fresh isopropanol. The combined extracts
were distilled at atmospheric pressure to yield isopropanol at 86◦C in 98% yield,
which was appropriate for reuse. The residue underwent vacuum fractionation at
30 mm Hg. HMDA was obtained in the fraction distilling at 105–106◦C in 92.5%
yield (80.4 g). The aqueous phase was acidified with 50% sulfuric acid to a pH
of 1.0, giving a precipitate of adipic acid in 92% yield (105.3 g).

Example 2. Alkaline Hydrolysis in n-Butanol.50 Water (600 parts), sodium
hydroxide (120 parts), and nylon-6,6 (220 parts) were charged to a 4-L stainless
steel autoclave. Under an atmosphere of nitrogen and with agitation, the reaction
mixture was heated at 190◦C for 3 h, then cooled to 100◦C, and discharged from
the reactor as a clear, light brown solution. The solution was cooled to 40◦C
and extracted with five 105-part portions of n-butanol containing 20% water. The
n-butanol extracts were combined and the n-butanol distilled off at atmospheric
pressure through a fractionating column. Distillation was terminated when the
temperature in the still head exceeded 120◦C, then the column was washed down
with a small amount of water, the washings being added to the residue in the
distillation flask. The residue in the distillation flask was then distilled at a
pressure of 60 mm Hg without any separation of fractions (the fraction boiling at
122–124◦C at this pressure corresponds to HMDA) to give an aqueous solution
of HMDA. The yield of HMDA, estimated by titration, was 93.1%.

The aqueous layer remaining after extraction with n-butanol was acidified (to
pH 1) by the addition of 50% sulfuric acid, giving a precipitate of adipic acid
which was collected by filtration, washed with 120 parts of water in two equal
portions, and dried at 110◦C. The crude adipic acid obtained was recrystallized
from twice its weight of water to provide adipic acid in 90.2% yield, which was
pure enough to be used in the synthesis of adiponitrile.

10.6.2.6 Phase-Transfer-Catalyzed Alkaline Hydrolysis of Nylon-6,627

In a 500-mL resin reaction kettle fitted with a mechanical stirrer and a reflux
condenser were placed 6 g (0.025 mol) of nylon-6,6 fibers and 200 mL of 50%
aqueous sodium hydroxide solution. Benzyltrimethylammonium bromide (0.2 g,
0.0008 mol) was added to the reaction mixture. The reaction mixture was heated
for 24 h under reflux (130◦C). Next, the unreacted nylon-6,6 fibers were removed
by filtration and dried in a vacuum oven at 100◦C for 24 h. The remaining
aqueous solution was evaporated and the residue was extracted with isopropanol
in a Soxhlet apparatus for 24 h.

The mixture of oligomers was heated in a flask to 200◦C in a mineral bath
(the DSC peak melting temperature of the oligomers was 230◦C) while stirring
and removing water formed with a vacuum pump to form high-molecular-weight
nylon-6,6.

Nylon-6,6 fibers (6.0 g) were depolymerized under reflux with 200 mL of
50% NaOH solution in the presence of 0.20 g BTEMB to form 0.55 g of adipic
acid (after acidification) and 4.52 g of oligomer. In a second step, the oligomer
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obtained in step 1 was depolymerized under the same conditions to form 0.72 g
of adipic acid and 1.62 g of oligomer. In the third step, the 1.62 g of oligomer
formed in step 2 were depolymerized with 50 mL of 50% NaOH solution and
0.54 g of BTEMB to form 1.05 g of adipic acid after initial exposure of the
oligomer to heat in an attempt to obtain hexamethylenediamine by distillation.
The overall yield of adipic acid was 59.6%.

10.6.2.7 Phase-Transfer-Catalyzed Alkaline Hydrolysis of Nylon-4,627

A 500 mL round-bottom flask containing aqueous sodium hydroxide (25 or
50 wt%) and benzyltrimethylammonium bromide as the phase transfer agent
(0.2 g, 0.0008 mole) was placed in a constant-temperature oil bath and heated to
the reflux temperature of 165◦C. Chopped nylon-4,6 fibers (6 g, 0.030 mol) were
placed in the reaction flask. The reaction mixture was constantly stirred with a
magnetic stirrer and the reaction was carried out at atmospheric pressure for a
period of 24 or 36 h (see Table 10.3 for results). The aqueous sodium hydroxide
solution containing products of depolymerization was concentrated by evapora-
tion and 30 mL of 35% aqueous hydrochloric acid was added to the concentrate.
The precipitate was filtered and washed with water. The product was dried in a
vacuum oven at 120◦C for 24 h.

Oligomers (2.0 g) obtained from the alkaline hydrolysis of nylon-4,6 were
charged to a round-bottom flask. The flask containing the oligomers was heated
in a mineral bath at 210◦C for 16 h under vacuum.

10.6.2.8 Ammonolysis of Nylon-6,613

Nylon-6,6 (15.0 g) and 0.25 g of diammonium hydrogen phosphate were charged
into a vertical cylindrical reactor (72 cm3 inner volume) with a 5-µm fritted disk
at the bottom. The reactor was sealed and purged with nitrogen. Liquid ammonia
was fed into the reactor at a rate of 2.0 mL/min through a preheater at a tem-
perature of 320◦ and the fritted disk. The reactor was heated by a band heater
set at 320◦. Constant pressure was maintained by a back-pressure regulator set
at 1000 psig throughout the 90 min reaction time. Under the reaction conditions,
monomeric products were volatilized and transported from the reactor through
the regulator and condensed out of the ammonia stream into a cooled receiver.
The ammonia passed out of the receiver into a water scrubber. Monomeric prod-
uct yields (by GC) based on nylon-6,6 charged were HMDA (18%), adiponitrile
(17%), and 5-cyanovaleramide (2%). When the same apparatus and conditions
were applied to a mixture of nylon-6,6 (7.5 g), nylon 6 (7.5 g), and ammo-
nium phosphate (0.25 g), monomeric product yields based on nylon-6,6 charged
were HDMA (56%), adiponitrile (38%), and 5-cyanovaleramide (3%) and based
on nylon-6 charged were 6-aminocapronitrile (50%), ε-caprolactam (37%), and
6-aminocaproamide (1%).

10.6.2.9 Lewis-Acid-Catalyzed Ammonolysis of Nylon30

Nylon-6,6 (7.5 g), nylon-6 (7.5 g), and 0.25 g of Lewis acid catalysts such as zinc
chloride, cobalt chloride, calcium chloride, and barium carbonate were charged
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into a vertical cylindrical reactor (72 cm3 inner volume) with a 5-µm fritted disk
at the bottom. The reactor was sealed and purged with nitrogen. Liquid ammonia
was fed into the reactor at a rate of 1.8 g/min through a preheater at a temperature
of 300◦ and the fritted disk. The reactor was heated by a band heater set at 300◦.
Constant pressure was maintained by a back-pressure regulator set at 1000 psig
throughout the 30 min reaction time. Under the reaction conditions, monomeric
products were volatilized and transported from the reactor through the regulator
and condensed out of the ammonia stream into a cooled receiver. The ammo-
nia passed out of the receiver into a water scrubber. Monomeric product yields
(by GC) were HMDA (7.01 mmol), adiponitrile (1.04 mmol), 5-cyanovaleramide
(0.40 mmol), 6-aminocapronitrile (8.5 mmol), ε-caprolactam (10.4 mmol), and
6-aminocaproamide (0.59 mmol) for the zinc-chloride-catalyzed case. The total
yield of monomers was 21%. Monomeric yields for the control (without cata-
lyst) were HMDA (2.437 mmol), adiponitrile (0.54 mmol), 5-cyanovaleramide
(0.04 mmol), 6-aminocapronitrile (2.58 mmol), ε-caprolactam (3.84 mmol), and
6-aminocaproamide (0.13 mmol). The total yield of monomers was 7%.

10.6.3 Depolymerization of Polyurethanes
10.6.3.1 Glycolysis of Polyurethanes

Example 1. Glycolysis of Polyurethanes with Diethylene Glycol.59 In a typical
experiment, 300 g of vacuum-distilled diethylene glycol (DEG) was weighed into
a 1-L round-bottom flask equipped with an electrically driven stirrer, a reflux con-
denser, and nitrogen purge and degassed with hot copper (450◦C) scrubbed nitrogen
for 1 h. The DEG was brought to the reaction temperature (190–220◦C) by heating
the flask with an electric heating mantle controlled by a variac. Temperatures were
monitored by a stainless steel sheathed type-K calibrated thermocouple immersed
in the reactor and followed with a thermocouple reader. The desired amount of foam
(1–5 g) was quickly added to the reactor. Foam was added through the nitrogen
purge neck by briefly substituting the tube with a DEG lubricated tube through which
the foam was pushed. Samples of the reaction mixture were withdrawn through the
sampling port with a 5-cm3 glass syringe equipped with an 8-in.-long, 16-gauge
stainless steel needle for GPC (gel permeation chromatography) analysis. GPC
analysis revealed the presence of seven major components. Among the components
were isomeric toluene diamine (TDA), TDA monocarbamates, 2,4- and 2,6-TDA
dicarbamates, and urea-linked TDA oligomers.

Example 2. Glycolysis of Polyurethanes with Diethylene Glycol in the Pres-
ence of Superheated Steam.76 Waste polyurethane foam (600 g) was dissolved in
600 g of diethylene glycol (DEG) by adding 100-g amounts of foam every 10 min
to the DEG at 200◦C with stirring. Then superheated steam was bubbled through
the reaction mixture. The overhead gases passed through a condenser. At 30-min
intervals, samples of the reaction mixture were withdrawn from the reaction ves-
sel and analyzed by HPLC to identify the presence of mono- and bicarbamates of
diethylene glycol and the isocyanates used to make the foam. It was discovered
that the carbamates do not disappear from the reaction mixture until most of the
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amines have been distilled from the reactor by the flowing superheated steam (a
period of about 8 h at a rate of steam addition of 300 cm3 /min). Since diethy-
lene glycol was also distilling with the steam, additions of diethylene glycol to the
reactor every 15 min were required to maintain the reaction volume.

After 8 h of reaction, the reactor was allowed to cool. A two-layer liquid
formed. The top layer was found to contain mostly polypropylene ether triols
with about 20% by weight diethylene glycol and 5% by weight toluene diamines.
The top layer was purified by vacuum distillation at 2 mm Hg and 200◦C to pro-
duce 320 g of a light brown liquid residue. This residue (polyols) was used as
a replacement for 5% by weight of the Pluracol 535 polyol in the formulation
of a flexible polyurethane foam. A flexible foam which had good resiliency and
a density of 2.2 lb/ft3 was obtained. At higher replacement levels, lesser quality
foams were obtained.

Example 3. Glycolysis of Polyurethanes with Propylene Glycol.32 Propylene
glycol (487 g) was added to a 1-L flask equipped with a stirrer, thermometer,
and reflux condenser. The flask was immersed in an oil bath and the propylene
glycol was heated to reflux at 200◦C. To the flask was added 230 g of flexible
polyurethane foam. The foam went into solution. As the polyurethane foam dis-
solved, the color of the reaction mixture changed to light yellow, yellow, and brown
and the foam was completely dissolved after 5 h. The reaction mass was trans-
ferred to a separatory funnel to be stored overnight while cooling. It separated
into two layers with the lower layer occupying about five-sixths of the volume. The
lower layer was recovered and the excess propylene glycol was removed by distil-
lation at 2 mm Hg and 63◦C to leave 120 g of a black paste. The paste recovered
was washed with water and dried. Infrared spectral analysis indicated that the
paste was an amine compound containing an amino group and a urethane linkage.

The top layer was washed with water and ethylene glycol and dried to give
135 g of a yellow oily material that from infrared spectral analysis was identified
to be the same triol used to prepare the flexible polyurethane foam.

Example 4. Glycolysis of Polyurethanes with Propylene Oxide after Pretreat-
ment with a Mixture of Diethanolamine and Potassium Hydroxide.57 Poly-
urethane scrap was treated with a mixture of diethanolamine and potassium
hydroxide at a temperature between about 80 and 140◦C with stirring to form
an intermediate product. The weight ratio of the scrap PUR polymer to the mix-
ture of diethanolamine and potassium hydroxide was from about 15 : 1 to 30 : 1.
The intermediate product was reacted with propylene oxide at a temperature of
from about 100 to 120◦C in a closed reaction vessel to form a polyol. The propy-
lene oxide was added at a rate to maintain a pressure of from about 2 to 5 atm
(29–73 psi). The progress of the reaction was followed by following the change
of pressure with time. When the pressure remained constant, the reaction of the
intermediate product with propylene oxide was considered to be complete. The
crude polyol obtained was treated with 10 mol % excess of dodecylbenzene sul-
fonic acid to remove the potassium hydroxide.
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Example 5. Glycolysis of Polyurethanes with Propylene Oxide after Pre-
treatment with Ethanolamine.55 A rigid polyurethane foam (ca. 100 g) was
dissolved in 30 g ethanolamine by heating. Excess ethanolamine was stripped,
leaving a clear solution. Infrared and GPC analysis indicated that the clear solu-
tion obtained contained some residual polyurethane, aromatic polyurea, aliphatic
polyols, aromatic amines, and N ,N ′-bis(β-hydroxyethyl)urea. Next the mixture
was dissolved in 45 g propylene oxide and heated at 120◦C in an autoclave for
2 h. The pressure increased to 40 psi and then fell to 30 psi at the end of the 2-h
heating period. The product was a brown oil with a hydroxyl number of 485.

10.6.3.2 Hydrolysis of Polyurethanes

Example 1. Hydrolysis of Polyurethane in a Pyrex Hydrolysis Reactor.54 A
100-mg sample of polyurethane foam was placed in a Pyrex hydrolysis reactor.
The hydrolysis reactor consists of a stainless steel wire mesh sample basket which
was placed in a reactor tube that was equipped with a nitrogen inlet, a heated
sidearm for steam entry, and a sample holding zone. The Pyrex hydrolysis reac-
tor was heated by a Lindberg heavy-duty furnace. The stainless steel wire mesh
basket was then attached to the Pyrex sample positioning tube and placed in the
holding zone of the reactor. A thermocouple was positioned so that it ran through
the sample positioning tube to touch the foam in the sample basket. The exposed
thermocouple allowed the temperature of the sample to be determined with little
heat transfer delay. When the hydrolysis zone of the reactor reached the reaction
temperature and a constant flow of steam was achieved, the sample basket was
pushed into the preheat zone of the reactor. Next the sample was rapidly warmed
(in less than 4 min) with dry, oxygen-free, 200◦C nitrogen to 185◦C. When the
temperature of the foam reached 185◦C, the sample basket was introduced into
the hydrolysis zone of the reactor. Preheating the sample prevents steam con-
densation when the sample enters the hydrolysis zone. For reactions conducted at
temperatures of 210–230◦C, the total yields of toluene diamine (TDA) approached
98% theoretical. Use of sodium hydroxide as a catalyst significantly increased the
rate of the hydrolysis process.

Example 2. Hydrolysis of Polyurethane with Saturated Steam.77 A polyure-
thane (1200 g) which was produced by the reaction of polytetrahydrofuran diol
with toluene diisocyanate followed by curing with 4,4′-methylenediamine was
heated under nitrogen to 200◦C in saturated steam at 225 psig and held at
this temperature for 12 h with the pressure reaching 550 psig. The reactor was
gradually cooled to 75◦C, and the hydrolyzed mass was transferred to a vessel
which contained 100 mL of tetrahydrofuran which contained 1 g of the antioxidant
2,6-di-t-butyl-p-cresol. The product was two incompletely separated red-brown
phases. Water and tetrahydrofuran were removed under vacuum to give a red-
brown oil. The oil was kept under vacuum of nitrogen because on exposure to
air it darkened. After several days, a dark solid deposit of sodium chloride and a
tarry material separated. The oil (1149 g) was dissolved in 1200 mL of toluene.
Gaseous hydrogen chloride was passed through the solution until no more amine
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salts precipitated. The salts were isolated by filtering through Celite. The solvent
present in the almost colorless filtrate was removed under reduced pressure to give
624 g (76% yield based on hydrolyzed polymer) of a straw-colored oil. The oil
consisted of approximately 79% of polytetramethylene ether glycol, 21% bis(2-
ethylhexyl)phthalate, and trace amounts of 2,4- and 2,6-toluene diamines and
4,4′-methylenedianiline.

Example 3. Hydrolysis of Polyurethane with Superheated Steam.53 A 300-
mL stainless steel pressure reactor was charged with 10.0 g of polyurethane foam
(shredded or in single pieces) and 100 mL of water. The assembly was lowered
via a pulley system into a large constant-temperature oil bath. The contents of
the reactor were heated for 15 min with superheated steam at 200◦C. The reactor
was removed from the bath and air cooled to room temperature. On opening the
reactor, a two-phase liquid system was collected. The top phase was an aqueous
solution containing toluene amines while the lower phase was a dark-colored,
water-insoluble liquid of density 1.01 which by gel permeation chromatography
was found to be pluracol polyol 443 (the polyol utilized in foam preparation).
Vacuum distillation of the aqueous phase yielded a liquid fraction at 120◦C and
0.1 mm Hg which solidified on cooling to form a pale yellow solid. The melting
point and infrared and ultraviolet spectra were identical to that of a reference
sample of 80% 2,4-toluene diamine and 20% 2,6-toluene diamine.
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AABB polyimides, synthesis of, 300–302
AA–BB-type polymers, 135
AA–BB-type sulfonylation, 330
AA monomers, 11–12
A–B–A triblock copolymers, 7
A–B copolymers, 7
AxBy monomers, 8
AB polyamides, 173–180
AB polyimides, 304–307

syntheses of, 306
Abrasion resistance test, 243–244
ABS. See Acrylonitrile–

butadiene–styrene (ABS)
AB-type polycondensations, 330
AB-type polymers, 135
Accelerated weathering tests, 245
Acceptor–catalytic polyesterification, 75
4-Acetoxybenzoic acid, polyesterification

of, 74
Acid anhydride–diol reaction, 65
Acid anhydride–epoxy reaction, 85
Acid binders, 155, 157
Acid catalysis, of PET, 548–549
Acid-catalyzed hydrolysis

of nylon-6, 567–568
of nylon-6,6, 568

Acid chloride, poly(p-benzamide)
synthesis from, 188–189

Acid chloride–alcohol reaction, 75–77
Acid chloride–alkali metal diphenol salt

interfacial reactions, 77
Acid chloride polymerization, of

polyamides, 155–157
Acid chloride-terminated polyesters,

reaction with hydroxy-terminated
polyethers, 89

Acid-etch tests, 245
“Acid number,” 94
Acidolysis, 74

of nylon-6,6, 568
Acrolein hydration/hydrogenation, 25
Acrylic polyols, 213

Acrylonitrile–butadiene–styrene (ABS),
219

Activated dihalides, modification of,
356–359

Activating agents, 77
phosphorous compounds as, 78–79
sulfur compounds as, 80–81

Activation polycondensation reactions, 77
Activation polyesterification, 77–81
Acyclic diene metathesis (ADMET)

polymerization, 4, 10, 431–461. See
also ADMET entries

applications for, 435
catalyst selection for, 438
chemistry and analytical techniques for,

435–445
of 1,9-decadiene, 441–442
experimental methods for, 439–442
flexibility of, 453–454
general conditions for, 440–441
of 6-methyl-1,10-undecadiene, 442
polymers produced by, 436
requirements for, 434–435
structure–property relationships in,

445–450
Acyclic dienes, 433
Acylation, Friedel–Crafts, 329
N-Acylimidazoles, 78
Acyloxyphosphonium salts, 79
Adamantane, 354
4-(1-Adamentyl)-1,3-benzenediol, 355
Adhesives

polyurethane, 203
preparation of, 255–256

Adipic acid, 544
polyamide synthesis from, 184

Adipoyl chloride, polyamide synthesis
from, 183–184

Adiprene product line, 201
ADMET ethylene copolymers, 446
ADMET depolymerization, 456–457
ADMET polyethylenes, 448–450
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ADMET polymerization. See Acyclic
diene metathesis (ADMET)
polymerization

ADMET polymer microstructures, thermal
behavior of precisely placed branches
in, 447–450

ADMET polymers
characterization of, 442–445
silicon alkoxide groups in, 455

ADMET reaction, 433
Aerospace polyimide applications, 267
AFM. See Atomic force morphology

(AFM)
A homopolymers, 7
AlCl3-catalyzed polycondensation,

332–333
Alcohols, reaction of isocyanates with,

224–225
Alcoholysis, 69
Alicyclic dianhydrides, 297
Alignment coating, for liquid crystal

devices, 269–270
Aliphatic AA-BB-type polyamides,

synthesis of, 164–173
Aliphatic AB-type polyamides, 173–180
Aliphatic acids, 60
Aliphatic–aromatic copolyimides, 268
Aliphatic–aromatic polyesters, 18, 19
Aliphatic degradable polyesters, 41
Aliphatic diacids, polyamide synthesis

from, 183–184
Aliphatic dinitriles, reaction with aliphatic

diols, 87–88
Aliphatic diols, 77
Aliphatic hyperbranched polyesters, 56
Aliphatic isocyanate adducts, 202
Aliphatic isocyanates, 210, 225
Aliphatic polyamides, 138
Aliphatic polyesteramides, 56
Aliphatic polyesters, 18, 20, 29, 32, 87

degradable, 85
hyperbranched, 114–116
melting points of, 33, 36
structure and properties of, 40–44
syntheses of, 95–101
thermal degradation of, 38
unsubstituted and methyl-substituted,

36–38
vacuum pyrolysis of, 39

Aliphatic spacers, insertion between
mesogenic units, 50

Aliphatic step-growth polymers, 4–5
Alkali metal carboxylates, reaction with

dihaloalkanes, 81–82

Alkali metal (haloarylsulfonyl)thio-
phenoxides, 364

Alkaline hydrolysis
of nylon-6,6, 568–569
of PET, 549–550

Alkyd resins, 18, 30–31, 59–60
synthesis and cure of, 102

Alkylphenolic resins, 376
Alkylphenols, 376, 400
Allophanates, 227
Alternating polyesteramides, synthesizing,

189–190
American Society for Testing and

Materials (ASTM), 242
Amic acid ammonium salt, polyimide

cyclization via, 305
Amic acid formation, 301
Amidation reaction scheme, 151
Amide–amide interchange reaction, 158
Amide concentration, in polyamides,

139–141
Amide units, copolymers containing,

189–193
Amine catalysts, 235
Amine-functionalized poly(arylene ether

ketone), 361
Amines

coupling reactions of aryl halides with,
487–489

reaction of isocyanates with, 224–225
tertiary, 228–229

Amine-started polyols, 236
Amine-terminated polyethers (ATPEs),

213, 223
preparation of, 255

Amino acid polymers, 157
ω-Amino acids, 174
ω-Aminocaprolic acid, polyamide-6

synthesis from, 175–177
Aminolysis

of PET, 551, 565–566
of polyurethanes, 556

11-Aminoundecanoic acid, PA-11
synthesis from, 179

Ammonolysis, 544, 546
of nylon-6,6, 555, 570
of PET, 551, 565
of polyurethanes, 556

Amorphous bisphenol-A polyarylate
solvents, 91

Amorphous engineering thermoplastics, 25
Amorphous partial aromatic polyamides,

139
Amorphous polyarylates, 25–26, 47–48
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Analytical techniques. See also Light
scattering technique; One-shot
technique; TEM technique;
Two-shot techniques

for acyclic diene metathesis, 435–445
for polyamides, 149–164
for polyimides, 287–300
for polyurethanes, 241–246
for transition metal coupling, 483–490

Anionic deactivation, 360
Anionic polymerization, 149, 174

of lactam, 177–178
Apolar solvents, 90
Aprotic polar solvents, 185, 338
Aprotic solvents, low-temperature

condensation in, 302
Aqueous coating formulations, 235
Aqueous polyoxymethylene glycol,

depolymerization of, 377
Aqueous systems, 206
Ardel, 20, 22
Ardel D-100 bisphenol-A polyarylate, 48
Arenesulfonyl chlorides, 329
Aromatic–aliphatic alternating

copolyesteramide, synthesis of,
107–108

Aromatic–aliphatic copolyoxadiazoles,
284

Aromatic–aliphatic hydroxy acids,
polyesterification of, 81

Aromatic–aliphatic polyesters, 32–35, 83
melting points of, 36
structure and properties of, 44–47
synthesis of, 69–71, 103–106
unsubstituted and methyl-substituted,

36–38
Aromatic–aliphatic thermoplastic

polyesters, 24–25
Aromatic block copolymers, 282–284
Aromatic copolyesters, 18
Aromatic coupling, catalysts for, 289
Aromatic diamines, 180

polyamide synthesis from, 183–184
polymerization of, 156
syntheses of, 296

Aromatic electronic substitution, 350
Aromatic electrophilic substitution, 332
Aromatic isocyanates, 209–210, 225
Aromatic nucleophilic substitution, 282,

283
Aromatic polyamides, 5
Aromatic polyester chains, disruption of

structural regularity of, 50–52
Aromatic polyesters

hyperbranched, 116–118
nonmeltable, 35
structure and properties of, 47–53
synthesis of, 109–114

Aromatic polymers, 5–6
structure–property relationships in,

273–274
Aryl–alkenyl halides

coupling reactions with alkenes,
485–486

coupling reactions with organometallic
reagents, 483–485

Aryl C–O–C linkage, 327
Aryl halides

coupling reactions with ketones and
amines, 487–489

homo-coupling reactions of, 486–487
Ni(O)-mediated homo coupling of, 469

Arylpalladium complex, 488, 489
ASTM. See American Society for Testing

and Materials (ASTM)
Atomic force morphology (AFM), 490
ATPEs. See Amine-terminated polyethers

(ATPEs)
Autocatalytic formulations, 236
Autoclave cycle, 167
Automotive adhesives, 203
Azobenzene unit, 493

“Back-biting” reactions, 63
Back-end cure, 235
BAK, 28
Bakelite resins, 1
Barrier properties, 26
Batch polymerization, autoclave cycle for,

167
Bayer, Otto, 197–199
BB monomers, 11–12
BCPPO. See Bis(4-chlorophenyl)phenyl

phosphine oxide (BCPPO)
BD. See 1,4-Butanediol (BD)
BDA. See 1,4-Butanediamine (BDA)
BDMAEE. See Bis(dimethyla-

minoethyl)ether (BDMAEE)
BDSA. See 4,4′-Diaminobiphenyl-2,2′-

disulfonic acid (BDSA)
3,3′,4,4′-Benzophenonetetracarboxylic

dianhydride (BTDA), 297
Benzoxazine intermediates, 392
Benzoxazines, 391, 416–417

thermal decomposition of, 392, 394
Benzoxazole precursor, 317
Benzyltrimethylammonium bromide

(BTEMB), 554
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β-transition temperature (Tβ ), polyamide,
138

BFPPO. See Bis(4-fluorophenyl)phenyl
phosphine oxide (BFPPO)

BFPPO monomer, sulfonated, 357–358
BHET. See Bis(hydroxyethyl)terephthalate

(BHET)
B homopolymers, 7
BHPA. See 4,4′-Bis(4-hydroxy-

phenyl)pentanoic acid (BHPA)
Biaxial film orientation, 21
Binders

polyurethane, 203
preparation of, 257

Biodegradable aliphatic polyesters,
properties of (table), 42

Biodegradable polymers, 20
Biodegradation, polyester, 43–44
Biomax, 28
Biomedical applications, 27
Bionolle, 28, 42, 43
Biopol polyesters, 28, 41
Bioresorbable polyesters, 27

synthesis of, 99–101
Biphenol-based copolymers, 356
Bis(aryloxy) monomers, polymerization

of, 347
N ,N ′-Bis(p-carbomethoxybenzoyl)

butanediamine (T4T-dimethyl),
synthesis of, 107–108

Bischloroformates, reaction with
dicarboxylic acids, 87

Bis(4-chlorophenyl)phenyl phosphine
oxide (BCPPO), 345

Bis(dimethylaminoethyl)ether (BDMAEE),
225, 230, 231

3,5-Bis(4-fluorobenzoyl)phenol, 349
Bis(4-fluorophenyl)phenyl phosphine

oxide (BFPPO), 345. See also
BFPPO monomer

Bis(haloaryl) sulfones, 364
Bishaloimides, 346
Bis(hydroxyethyl)terephthalate (BHET),

13, 529–530, 535, 547
glycolysis of PET to obtain, 558–559

2,2-Bis(hydroxymethyl) propionic acid,
114–116

3,8-Bis(4-hydroxyphenyl)-N-phenyl-1,2-
naphthalimide, 354, 355

4,4′-Bis(4-hydroxyphenyl)pentanoic acid
(BHPA), 355, 356

Bisnitroimides, 346
Bisphenol-A, 112
Bisphenol-A-based benzoxazines

difunctional, 416
synthesis of, 417

Bisphenol-A-based poly(ether imide), 346
Bisphenol-A benzoxazine crosslinking

reactions, 416
Bisphenol-A benzoxazine reaction, under

acidic conditions, 416–417
Bisphenol-A polyarylates, 77

synthesis of, 109–113
Bisphenol-A polysulfone, 327

nucleophilic synthesis of, 337
Bisphenolic monomer, 354
Biurets, 227
Blend formulations, with amorphous

polyarylates, 47–48
Block copolyesters, 18
Block copolymers, 6, 20

aromatic and heterocyclic, 282–284
poly(arylene ether sulfone) and

poly(arylene ether ketone),
359–361

polyester, 53–55
thermal properties of, 7

“Blocked” amines, 235
Blocked isocyanates, 226, 240
Blocking agents, 240
Blood contact applications, 207
Blowing, catalysts for, 225, 227–236
Blowing agents, 201, 205–206
Blow-molding, PET, 21
Blow-to-gel selectivity, 229–230
BMCs. See Bulk molding compounds

(BMCs)
Boltorn, 32, 56
Borates, 485
Bottle waste, hydrolysis of, 564
Bottles

PET, 21
recycled, 532

Branched polymers, 8
Branching, 13
Branching agents, 8
Branching sequence distributions, 446
Brill temperature, 142
Brominated epoxy reagents, 414
Bromination–lithiation, 354
BTDA. See 3,3′,4,4′-Benzophenone-

tetracarboxylic dianhydride
(BTDA)

BTEMB. See Benzyltrimethylammonium
bromide (BTEMB)

Bulk molding compounds (BMCs), 30
Bulk polymerization, 166
Bulk polysulfonylation, 331
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Bulky substituents, in polyimide
preparation, 276

1,4-Butanediamine (BDA), 107
1,4-Butanediol (BD), 70, 219–220, 221,

547
Butylene adipates, 212

Calderon classical catalyst system, 457
CAPA. See Poly(ε-caprolactone) (CAPA,

PCL)
Caprolactam, 136

PA-6 hydrolytic melt polymerization of,
176–177

recycling, 541–543
ε-Caprolactam, 174

PA-6 synthesis from, 177
Caprolactam–caprolactone copolymers,

146
Caprolactam polymerization, effect of

initiator on, 154
ε-Caprolactone, 98
ε-Caprolactone-1,6-hexanediol reaction,

98–99
Carbodiimides, 81
Carbodiimidization, 226–227
Carbon-13 NMR spectroscopy. See 13C

NMR spectroscopy
Carbon–carbon structure, 4
Carbonyl-containing polyester polyols,

220
1,1′-Carbonyldiimidazole, 78
Carbonyl–metal interactions, 74
Carbosiloxadienes, 452
Carboxy–ester interchange melt

polyesterification, 113
Carboxy–ester interchange reactions, 62,

64, 69, 74
Carboxy–hydroxy reactions, 63
Carboxyl endgroup chemical titration, 94
Carboxylic acid–aryl acetate interchange

reactions, 62, 63
Carboxylic acids, reaction of isocyanates

with, 225
Carboxylic–sulfonic anhydrides, 80
Cardiovascular surgery, 27
Cardo diamines, 277, 278
Carothers, Wallace, 198
Carothers equation, 11, 59
Carothers group, 1
Carpet waste

acid-catalyzed hydrolysis of nylon-6 in,
567–568

neutral hydrolysis of nylon-6 in,
566–567

CASE (coatings, adhesives, sealants, and
elastomers) catalysts, 235

Cast elastomers, 201, 203–204, 248–249
spray and rotational, 204

Catalysis. See also Catalysts
ADMET, 435–445
depolymerization and, 545–558
by Lewis acids and metal alkoxides,

68–69
polyamide, 150–159
polyesterification, 66–69
polyimide, 287–292
polyurethane, 222–236
transition metal coupling, 483–489

Catalyst dimers, 73
Catalysts. See also Catalysis

for aromatic coupling, 289
delayed-action, 232, 235
for gellation and blowing, 227–236
lanthanide, 288
phase transfer, 288
polyesterification, 64
reactions without, 66–67

Catalytic carbonylation, 291, 292
Catalytic systems, 287–292
Catechol–novolac-cured networks, 416
Cationic ring-opening reactions, 417
CBDA. See Cyclobutanetetracarboxylic

dianhydride (CBDA)
Cements, polyester, 30
CFCs. See Chlorofluorocarbons (CFCs)
Chain conformation, 54
Chain extenders, 213–214

structure of, 219
Chain extension, 216
Chain-growth polymerizations, 4
Char formation, 421, 423
Chelated phosphine ligands, 488
Chemical recycling, 208
Chemical structure

of polyamides, 139–144
of polyimides, 274–281
role in depolymerization, 536–538
of transition metal coupling polymers,

477–481
Chemical titration, 94–95
Chemistry

acyclic diene metathesis, 435–445
depolymerization, 545–558
imide, 292–295
metathesis, 431–432
nylon, 546
PET, 545–546
polyamide, 149–164



580 INDEX

Chemistry (Continued )
polyimide, 287–300
polyurethane, 222–236, 546
transition metal coupling, 483–490

Chiral conjugated polymers, 479–480
Chlorinated solvents, 91
Chlorofluorocarbons (CFCs), 201, 205
Chloroformate endgroups, 87
Chloromethylation, 354
Church, A. Cameron, 431
Circular dichroism, 490
Classical catalysts, 433
Clean Air Act of 1990, 201, 205
Clearcoat, 240
Closed-loop recycling processes, 534
CLTE. See Coefficient of linear thermal

expansion (CLTE)
13C NMR spectroscopy, 91–92, 162,

386–387, 408, 442–443
Coatings

evaluations for, 244–245
polyurethane, 202, 203
preparation of, 252–255
urethane, 202

Coefficient of linear thermal expansion
(CLTE), 242

Coefficient of thermal conductivity, 244
Coefficient of thermal expansion (CTE),

280–281
Cold phosgenation, 222
Color contamination, 541
Colorless polyimides, optical properties

of, 277–279
Combined liquid crystalline polymers, 49
Combustion testing, 245
Composites, thermoplastic, 32
Compression force deflection (CPD), 244
Compression tests, 242
Condensation

high-temperature, 302
low-temperature, 302
polyimide, 292–293
solid-state, 293

Condensation (step-growth) processes, 1
Condensing agents, 81
Conjugated polymers, 477, 478, 482
Containers, PET, 21
Continuous polymerization processes, 167
Convergent method, 8
COOH-terminated poly(ethylene adipate),

95–96
Coordination insertion mechanism, 74
Copolyamides, 144
Copolyesteramides, 146–147

Copolyesters, from diacids and diols, 43
Copolyetheramide, 147–148
Copolymerization, wholly aromatic

polyesters and, 35. See also
Copolymers

Copolymerizing comonomers, 46
Copolymers, 7. See also Copolymerization

containing amide units, 189–193
polyamide, 144–148
segmented, 191–193

Copper–chelate monomer, 355
“Core molecule,” 32, 57
Corterra PTT polymer, 21, 25
Coupling agents, 89
Coupling polymerization, 467
Coupling reactions, 347
CPD. See Compression force deflection

(CPD)
CPMAS. See Cross-polarization

magic-angle spinning (CPMAS)
Crastin, 21
meta-Cresol (m-cresol), 384, 385

polyimide synthesis in, 294–295
ortho-Cresol (o-cresol), 384
para-Cresol (p-cresol), 384–385
Cresolic medium, high-temperature

condensation in, 302
Cresol novolac oligomers, controlled

molecular weight, 382–383
para-Cresol novolac resin, 425
Crock tester, 244
Crosslinking, 4, 58, 267

of resole resins, 406–407
Crosslinking agents, 214
Cross-polarization magic-angle spinning

(CPMAS), 300
Crystalline polyimide powders, 304
Crystalline transition temperature. See

Melting temperature (Tm)
Crystallization rate, for processing

semicrystalline polymers, 44
CTE. See Coefficient of thermal

expansion (CTE)
CV. See Cyclic voltammogram (CV)
Cyanate resins, phenolic, 418
Cyclic dimers, 153
Cyclic esters, ring-opening polymerization

of, 85–87
Cyclic lactams, 174
Cyclic oligoesters, 31
Cyclic oligomers, 63, 542

formation of, 39
Cyclic voltammogram (CV), 490
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Cycloaliphatic polyesters, melting points
of, 36

Cyclobutanetetracarboxylic dianhydride
(CBDA), 279

Cyclophanes, synthesis of, 508

Dacron, 21
DADHB. See 1–5-Dihydroxy-

2,4-diaminobenzene (DADHB)
DB. See Degree of branching (DB)
DBTDL. See Dibutyltin dilaurate

(DBTDL)
DCBP. See 4,4′-Dichlorobenzophenone

(DCBP)
DCDPS. See 4,4′-Dichlorodiphenyl

sulfone (DCDPS)
Deblocking temperatures, 240
1,9-Decadiene, ADMET polymerization

of, 441–442
Decarboxylation, polyester, 39
DECHA. See N ,N-Diethyl-

cyclohexylamine (DECHA)
Degassing, 248
Degradable polyesters, 27–29

commercial (table), 28
Degree of branching (DB), 57, 349
Dehalogenative organometallic

polycondensation, PQ and PPQ
synthesis by, 312

Delayed-action catalysts, 232, 235
Dendrimers, 8–9
Dendritic aromatic polymers, 286
Dendritic macromolecules, 285
Dendritic poly(arylene ether)s, 350
Dendritic polymers, 57, 520–523
Dendritic units, 57
Dendronized poly(p-phenylene), synthesis

of, 520–521
Dendronized poly(phenylenethylene),

synthesis of, 522
Dendronized polymers, 475–476, 481, 482
Depolymerization, 529–574

chemistry and catalysis of, 545–558
history of, 529–531
of nylon-6, 546, 557–558
of nylon-6,6 and nylon-4,6, 552–555
of nylons, 566–571
of polyesters, 557–566
of polyurethanes, 558, 571–574
under pressure, 560
role of chemical structure in, 536–538
role of microstructure and architecture

in, 538–539
structure–property relationships in,

534–545

Depolymerization mechanisms, 456
Depolymerized PET products, applications

of, 531–532
Deuterium NMR, 328
Dexon, 28
DFBP. See 4,4′-Difluorobenzophenone

(DFBP)
DFDPS. See 4,4′-Difluorodiphenyl sulfone

(DFDPS)
DHBP. See Dihydroxybenzophenone

(DHBP)
3,5-Diacetoxybenzoic acid, synthesis and

polymerization of, 116–118
Diacid, anhydride, and diol reaction, 97
Diacid chloride–diol solution reactions,

75–77
Diacid chloride methods, 182–183
Diacid chlorides, 333
Diacid–diol copolyesters, 43
Diacid–diol polyesterifications, 66
Diacid–diol reaction, 95–97
Diacid method, 180–181
Diacids

aromatic, 180
in polyamide synthesis, 164–165

N ,N ′-Dialkylcarbodiimides, 81
Diamide-modified polyesters,

synthesizing, 190–191
Diamide–poly(tetramethylene oxide)

segmented copolymer, synthesizing,
192–193

Diamine chain extenders, 213
Diamines

aromatic, 180
functional, 297
in polyamide synthesis, 164–165
in polyimide synthesis, 295–297
silylated, 187–188

4,4′-Diaminobiphenyl-2,2′-disulfonic acid
(BDSA), 282

Dianhydrides
commercially available, 298
in polyimide synthesis, 297
syntheses of, 299

1,4-Diazabicyclo[2.2.2]octane (DABCO),
230, 388

Dibasic acid monomers, 59
Dibasic acid polyesterifications, 17
Dibromo derivatives, 82
Dibutyltin dilaurate (DBTDL), 232
Dicarboxylic acid monomers,

volatilization of, 72
4,4′-Dichlorobenzophenone (DCBP), 341
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4,4′-Dichlorodiphenyl sulfone (DCDPS),
336

nitration of, 356
Dichloro monomers, 341
Die C test, 243
Dielectric constants

for polyamidations, 151
of fluorinated polyethers, 362

Dielectric properties, of polyimides, 280
Dielectrics, for integrated circuit and

multichip modules, 270–271
Diels–Alder reactions, 288, 297
Diene metathesis catalytic cycle, acyclic,

437
Diester–diamine polyamides, 157–158
Diester–diol enzyme-catalyzed solution

reaction, 100–101
Diester–diol reaction, 98
Diester method, 181–182
N ,N-Diethylcyclohexylamine (DECHA),

229
Diethylene glycol

depolymerization with, 559
glycolysis of polyurethanes with,

571–572
Differential scanning calorimetry (DSC),

138, 162–163, 242, 298–299,
449–450, 490. See also Dynamic
DSC

4,4′-Difluorobenzophenone (DFBP), 341
4,4′-Difluorodiphenyl sulfone (DFDPS),

337
sulfonation of, 356–357
synthesis of, 358

3,5-Difluoro-4′-hydroxybenzophenone,
349

Difluoro monomers, 341
Difunctional monomers, 12
Dihalide monomers, modified with

functional groups, 357
Dihalides, activated, 346, 356–359
Dihydroxybenzophenone (DHBP),

342–343, 420
1–5-Dihydroxy-2,4-diaminobenzene

(DADHB), 319
3,5-Dihydroxy-4′-fluorobenzophenone,

349
Diisocyanate–diacid polyamides, 157
Diisocyanates, polyamide synthesis from,

184
Diluents, reactive, 221
Dimerization, 226–227
Dimethylacetamide (DMAc), 156

N ,N-Dimethylcyclohexylamine
(DMCHA), 229

Dimethyl ester–diol polyesterifications, 84
Dimethyl formamide (DMF), 79, 295
Dimethyl isophthalate (DMI), 106
Dimethylol propionic acid (DMPA), 238
Dimethyl sulfoxide (DMSO), 83, 185,

295, 341
Dimethyl terephthalate (DMT), 13, 69

repolymerization of, 561–562
Dimethyl terephthalate/1,4-butanediol/di-

hydroxy–poly(oxytetramethylene)
reaction, 108–109

Dimethyl terephthalate–1,4-butanediol
reaction, 106

Dimethyl terephthalate–1,2-ethanediol
reaction, 103–104

2,6-Dimethylphenol, synthesis of, 383
N ,N-Dimorpholinodiethyl ether

(DMDEE), 225, 230
Dinitrile–diamine polyamides, 158
Dioctyltin dilaurate, 232
Diol-functionalized telechelic polymers,

457
Diol polyesterifications, 17
Diphenol monomers, 355
Diphenols

modification of, 354–356
polyester synthesis from, 62

3,5-Diphenoxybenzoic acid, 350
Diphenyl carbonate, 112
Diphenylchlorophosphate (DPCP), 78
Diphenyl ether, 333

polycondensation of, 332–333
Diphenyl isophthalate, PA-6,I synthesis

from, 181–182
Diphenylmethanediamine (DMDA),

544–545
Diphenyl sulfone (DPS), 338
Diphenyl terephthalate–diphenyl

isophthalate–bisphenol-A melt
polyesterification, 111–112

Direct polyesterification, 63–69
Distinctness of image (DOI), 245
Divergent method, 8
DMA. See Dynamic mechanical analysis

(DMA)
DMAc. See Dimethylacetamide (DMAc)
DMCHA. See N ,N-Dimethylcyclo-

hexylamine (DMCHA)
DMDA. See Diphenylmethanediamine

(DMDA)
DMDEE. See N ,N-Dimorpholinodiethyl

ether (DMDEE)
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DMF. See Dimethyl formamide (DMF)
DMI. See Dimethyl isophthalate (DMI)
DMPA. See Dimethylol propionic acid

(DMPA)
DMSO. See Dimethyl sulfoxide (DMSO)
DMT. See Dimethyl terephthalate (DMT)
Dodge, Jeff, 197
DOI. See Distinctness of image (DOI)
Domain morphology, 217–222
DPCP. See Diphenylchlorophosphate

(DPCP)
DPS. See Diphenyl sulfone (DPS)
DSC. See Differential scanning

calorimetry (DSC)
Dynamic DSC
Du Pont, urethane patents of, 199–200
Durometer, 243
Dynamic DSC, 409. See also Differential

scanning calorimetry (DSC)
Dynamic mechanical analysis (DMA),

138, 163, 241–242, 407, 409

Eastapak, 21
Eastar Bio, 28, 42, 43
Ecoflex, 28
Ecofriendly plastics, 27–29
EcoPLA, 28
EG. See Ethylene glycol (EG)
EG polyester synthesis, side reactions of,

71
Ektar, 21
Elasticity tests, 244
Elastomers, 201, 203, 221

one-shot, 217
preparation of, 248–251
ultrasoft, 205

Electrical industries, polyimides in, 269
Electroluminescent devices, 271
Electronic applications, 26

polyimide, 269
Electron microscopy, 163–164
Electro-optic applications, polyimide, 269
Electrophilic aromatic substitution,

329–334, 398
Electrophilic substitution reactions, 10
Elements of Polymer Science and

Engineering, The (Rudin), 3
Emissions

toxic compound, 31
VOC, 30–31, 202

Encapsulants, polyurethane, 203
Endgroup determination, 94–95

Endgroups
control of, 347–348
polyamide, 161

Energy recovery, 208
Engineering plastics, 136, 139. See also

Poly(arylene ether)s
polyamide, 148–149

Environmental concerns, 20
Environmentally degradable polyesters,

27–29
Enzyme-catalyzed polyesterifications,

82–84
EO polyols. See Ethylene oxide (EO)

polyols
EPMs. See Ethylene-polar monomer

copolymers (EPMs)
Epoxidized novolacs, 411
Epoxy–phenol networks, 411–416

properties of, 413–416
Epoxy–phenolic reaction

kinetics of, 413
mechanism of, 411–412

Epoxy structures, 414
ε-Caprolactam, 174

PA-6 synthesis from, 177
Equilibrium condensation reaction, 164
Equilibrium constants, for polyamidations,

150–152
Equilibrium esterifications, 61
Equivalent weight, 247
Ertalyte, 21
Estane VC products, 201
Ester–amide copolymers, 146, 147
Esterases, 82
Esterification, direct, 63
Ester interchange catalysts, 71
Ester interchange reactions, 31, 62–63,

69. See also Interchange reactions
molten state, 89–90

Ester linkage, chemical reactions
involving, 39–40

Esters, activated, 83
Ester TPEs. See Polyester thermoplastic

elastomers (ester TPEs)
Ethane linkages, 407
Ethene linkages, 407
Ethylene adipates, 212
Ethylene–CO copolymer, 460
Ethylene copolymers, 446
Ethylene glycol (EG), 13, 64. See also EG

polyester synthesis
depolymerization with, 559
repolymerization of, 561–562

Ethylene oxide (EO) polyols, 211
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Ethylene–polar monomer copolymers
(EPMs), 460

Ethylene–vinyl acetate (EVA) copolymer,
540

Explosion-proof manufacturing equipment,
206

Extruder, hydrolysis in, 564–565

Falling-ball rebound test, 244
Ferrocene-containing polybenzimidazole,

315
Ferrocenyl-containing poly(arylene-

ethynylene), synthesis of, 500–501
Fiber applications, polyamide, 136
Fiberglass-reinforced molding resins, 30
Fibers

poly(ethylene terephthalate), 21–24
polyamide, 148

“Filled” polyols, 213
Films

disposable, 29
PET, 21
waterproof breathable, 26

Flange flasks, 160
Flexible foams, 202, 221

commercial production of, 200
preparation of, 251
tests for, 244

Flexural modulus, 242
Flory relationship, 57
Fluorenone, 295
Fluoride salts, 338
Fluorinated difluoro monomer, synthesis

of, 363
Fluorinated poly(arylene ether ether

ketone), 362
Fluorinated polyethers, synthesis of, 363
Fluorinated polymers, 361–363
“Fluorine effect,” 361
Fluorine-ended PEEK, 360
Foams

flexible, 221
high-density, 204–205
polyurethane, 20, 29, 202
preparation of, 251–252
semirigid, 203
tests for, 244

Foam systems, non-CFC, 201
Ford hydroglycolysis process, 546
Formaldehyde

second-order reaction rate constants of
phenolic monomers with, 403

use in phenolic resin synthesis,
377–378

Formaldehyde-to-phenol ratios, 404
N-Formyl amines, 158
Fourier transform infrared (FTIR)

spectrometry, 116, 300, 387,
407–408

Fradet, Alain, 17
Free-radical copolymerization, 59
Friedel–Crafts acrylation polymerization,

332–334
Friedel–Crafts catalysts, 329, 331
Friedel–Crafts reaction, 297, 361
Front-end reactions, 235
FT Raman spectroscopy, 387
FTIR spectrometry. See Fourier transform

infrared (FTIR) spectrometry
Fuel cells, 272–273
Full prepolymers, 236, 237
Functionalized polyolefins, 459–460

GA. See Glycolic acid (GA)
γ -transition temperature (Tγ ), polyamide,

138
Gardner impact, 243
Gas chromatography/mass spectrometry

(GC/MS) analysis, 304
Gaymans, Reinoud J., 135
Gel coats, 30
Gellation catalysts, 224, 227–236
Gel permeation chromatography (GPC),

385–386, 490
Gels, urethane, 205
Glass-fiber-filled polyamides, 136
Glass transition temperature (Tg), 3, 266,

267
of copolyamides, 144
of hyperbranched polymers, 58
of polyesters, 34–36, 38, 51
of PEN, 45
of polyamide, 138
of polyimide, 274–277

Glassware, ADMET polymerization,
439–440

Glycolic acid (GA), 99
Glycolysis, 208, 532, 534, 535, 537

of polyurethanes, 546, 555, 571–573
of PET, 545–547
to yield polyols, 560

Glycolysis–hydrolysis, 551
of PET, 566

Glycolysis–methanolysis, 552
of PET, 566

Glycolyzed PET waste, polyester polyols
from, 559–560

Glyptal resins, 18
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GPC. See Gel permeation chromatography
(GPC)

Graft copolymers, 7
poly(arylene ether sulfone) and

poly(arylene ether ketone),
359–361

“Green” polymer, 31
Grignard reagents, 467, 484
Grubbs-type carbenes, 433
Grubbs-type catalysts, 438

Halogenonitroaromatic compound, 295
Hard-block domain structure, 218–219
Hard-block microdomain, 215
Hard-block/soft-block phase separation,

220
Hardness measurement, 243
Havriliak and Negami (HN) function, 388
HCFCs. See Hydrochlorofluorocarbons

(HCFCs)
HCs. See Hydrocarbons (HCs)
HDI. See Hexamethylene diisocyanate

(HDI)
HDI trimer, 221
Heat deflection temperature (HDT), 45
Heat distortion temperature (HDT), 242
Heck coupling, 489
Heterocyclic block copolymers, 282–284
Heterocyclic diamines, rigid, 281
Heterocyclic polymers, structure–property

relationships in, 273–274
Heterocyclic ring formation, PQ and PPQ

synthesis by, 309–310
Hexadecyltrimethylammonium bromide

(HTMAB), 549–550
Hexamethylene diisocyanate (HDI), 199,

210. See also HDI trimer
Hexamethylenediamine-adipic acid salt,

169, 170
Hexamethylphosphoramide (HMPT), 185
HFBPA-based poly(arylene ether)s, 362
HFCs. See Hydrofluorocarbons (HFCs)
High-impact polystyrene (HIPS), 219
High-melting polymers, 33
High-melting-point fiber-forming

polyesters, 19
High-molar-mass poly(tetramethylene

octanedioate), 98
High-molar-mass polyesters, 61
High-molar-mass polymers, 86
High-molar-mass thermoplastics, 31
High-molecular-weight linear polymers,

essential criteria for, 10–11
High-molecular-weight PEEK, synthesis

of, 343

High-molecular-weight polymers, 185
High-molecular-weight step-growth

polymers, 9–10
“High-ortho” novolac resins, 379–381
High-performance liquid chromatography,

162
High-performance wholly aromatic

polyesters, 20
High-solids, two-component, clear,

aliphatic, polyurea coating,
preparation of, 252–253

High-temperature annealing, 220
High-temperature bulk polyesterifications,

61–74
High-temperature bulk reactions, 63
High-temperature condensation, in cresolic

medium, 302
High-temperature solution reactions, 75
HIPS. See High-impact polystyrene

(HIPS)
HMDA, 544, 555
HMPT. See Hexamethylphosphoramide

(HMPT)
HMTA

novolac crosslinking with, 389–398
synthesis of, 378

HN function. See Havriliak and Negami
(HN) function

1H NMR spectroscopy, 93. See also
Proton NMR integrations

Hoechst continuous process, 548
Homo-coupling reactions, aryl halide,

486–487
Homopolymers, 7
Hot-cast prepolymer method, 211
Hot phosgenation, 222
Houvink–Sakurada equation, 286
HTMAB. See Hexadecyl-

trimethylammonium bromide
(HTMAB)

Hu, Qiao-Sheng, 467
“100% solids,” 237
Hybrane, 56
Hydrocarbons (HCs), 205

as blowing agents, 206
Hydrochlorofluorocarbons (HCFCs), 201,

205
Hydrofluorocarbons (HFCs), 201
Hydrogels

preparation of, 250–251
urethane, 207

Hydrogen bonding, 204, 220, 275, 539
between amide units, 140
in novolac resins, 389–390
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Hydrogen bonding (Continued )
of phenolic resins, 388–389

Hydrogenation, 208
Hydrolases, 82
Hydrolysis, 40, 208, 535, 536

neutral, 564–565
of nylon-4,6, 552–555
of nylon-6, 546, 552
of nylon-6,6, 531, 546, 552–555
of PET, 545, 548–551,

562–564
of PET waste, 562
of polyurethanes, 555–557, 573–574
of polyester, 43–44

Hydrolytic polymerization, of polyamides,
150–153

Hydrophilic–hydrophobic block
copolymer, PEO and poly(arylene
ether)-based, 359

Hydrophobic solvents, 83
Hydroquinone, sulfonated, 355, 356
Hydroquinone-bis(β-hydroxyethyl)ether,

219–220
Hydroxy-amine H-bonded complexes, 76
Hydroxybenzoic acids, polyesterification

of, 79
Hydroxybenzylamine intermediates, 392
Hydroxybenzylamines, 389, 391, 416

thermal decomposition of, 392
Hydroxy–ester interchange reactions, 62,

65, 69–74, 84, 111
Hydroxy-functional crosslinkers, 214
Hydroxyl endgroup chemical titration,

94–95
“Hydroxyl number,” 94
Hydroxymethylated compounds, 403
Hydroxymethylated phenol, 378. See also

Hydroxymethylphenol
Hydroxymethyl condensation reactions,

399–400
2-Hydroxymethyl-4,6-dimethylphenol, 406
Hydroxymethylphenol. See also

Hydroxymethylated phenol
reaction with melamine, 411
reaction with urea, 410

Hydroxymethyl substituents, condensation
reactions of, 403

Hydroxyphenylimide, polybenzoxazole
synthesis via, 318

Hydroxy-terminated hyperbranched
polyesters, 32

Hydroxy-terminated saturated polyesters,
58

Hyperbranched aliphatic polyester,
114–116

Hyperbranched aromatic polyesters,
synthesis of, 116–118

Hyperbranched aromatic polymers, 286
Hyperbranched polyamine, synthesis of,

519–520
Hyperbranched polyesters, 18, 32, 55–58

bulk synthesis of, 64
synthesis of, 114–118

Hyperbranched polyimides, 307–309
Hyperbranched polymers, 8–10, 348–350,

475–476, 481, 519–520
degree of branching in, 57

Hyperbranched polyphenylquinoxalines,
312–314

Hyperbranched step-growth polymers, 14
Hyperbranched structures, polyimide,

284–287
Hypersensitive reactions, 246
Hytrel, 20, 22, 26

IFD test. See Indentation force deflection
(IFD) test

Imide aryl ether ketone segmented block
copolymers, 360

Imide chemistry, 292–295
Imide cyclization, 301
Imide exchange, polyimide syntheses by,

268
Imide precursor, 317
Imide-terminated telechelics, 457
Impact strength tests, 243
Impet, 21
Impingement mixing, 200
Implants, bioresorbable, 27
Indentation force deflection (IFD) test, 244
Infrared (IR) spectroscopy, 91, 162, 300,

490. See also Fourier transform
infrared (FTIR) spectrometry

Ingold’s classification, 60–61
Inherent viscosity, 161–162
Injection molding, of polyamides, 136,

142
Insertion mechanism, 231
“Integral skin” foams, 205
Integrated circuit modules, dielectrics for,

270–271
Interchange reactions, 40, 62, 64. See also

Ester interchange reactions
ADMET, 437–438

Interfacial method, stirred and unstirred,
155–156

Interfacial polymerization, PA-2,T
synthesis by, 182–183
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Interfacial polymers, viscosities of, 155
Interfacial reactions, 77
Internal emulsifiers, 237–238, 240
International Standards Organization

(ISO), 242
“Intramolecular chain limiters,” 458
Intrinsic viscosities, 162
Intrinsic viscosity–molar mass equation,

57
Ionic acylammonium intermediate

compounds, 76
Ionic internal emulsifiers, 237–238
Ionization methods, 408–409
IPDI, 219
IR spectroscopy. See Infrared (IR)

spectroscopy
ISO. See International Standards

Organization (ISO)
Isocyanate binder for wood, preparation

of, 257
Isocyanate–hydroxyl reaction, 224
Isocyanates

aromatic versus aliphatic, 209–210
blocked, 240
commercially important, 199
dimerization, trimerization, and

carbodiimidization of, 226–227
functionality of, 210
moisture-cured, 238
preparation of, 222
reaction with alcohols and amines,

224–225
reaction with water and carboxylic

acids, 225
as sensitizers, 246

Isomeric poly(alkylene terephthalate)s,
melting temperatures of, 36

Isophthalaminonitrile, polymerization of,
344

Isophthalic acid, 60
Isophthalic-acid-modified PET, 530
Isophthaloyl chloride, 333

Kaladex, 21
Ketenes, anionic copolymerization with

aldehydes, 88–89
Ketones, coupling reactions of aryl halides

with, 487–489
k-factor, 244
Kinetic studies, 73
Kumada coupling, 467, 489, 491

Lacquers, urethane, 240
Lactam polymerization, 175

Lactams, 150, 153
cyclic, 174

L-Lactate. See Poly(L-lactate) (PLLA)
Lactone polymerization, 84
Lacty, 28
Ladder polymer, synthesis of, 503
Lanthanide catalysts, 288
Lanthanide compounds, 73
Latent-reactive polymers, 455
Laurolactam, 136
LCPs. See Liquid crystalline polymers

(LCPs)
LC state. See Liquid crystalline (LC) state
LED devices. See Light-emitting diode

(LED) devices
Lewis acid–base mechanism, 233, 234
Lewis acid catalysts, 13, 546
Lewis-acid-catalyzed ammonolysis, of

nylon, 571
Lewis acids, 224

catalysis by, 68–69
Lewis bases, 338

in diphenyl ether polycondensation, 333
Ligand exchange, 68
Light-emitting diode (LED) devices, 271
Light scattering, 161, 490
Lin-Gibson, S., 375
Linear aliphatic polyamides, 5
Linear aromatic polymers, 286
Linear novolac resins, 385
Linear optical devices, 271
Linear poly(carbosilanes), 450
Linear polyesters, 33, 146

main classes of, 32–33
Linear polymers, 472

with chiral units, 507–519
without chiral units, 491–507

Linear poly(octenamer), 443, 444
Linear poly(tetramethylene oxide) polyols,

212
Linear polyurethanes, 26
Linear step-growth polymerizations, 13
Lipase-catalyzed polyesterifications, 83
Lipases, 82, 84

catalytic site of, 84
Liquefied MDIs, 211, 226–227
Liquid carbon dioxide, 206
Liquid-castable systems, 201
Liquid crystal devices (LCDs), alignment

coating for, 269–270
Liquid crystalline aromatic polyesters, 35
Liquid crystalline polyesters, 25, 26,

48–53
synthesis of, 113–114
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Liquid crystalline polymers (LCPs), 49
melt rheology of, 52

Liquid crystalline (LC) state, 48–49
Liquid crystalline thermotropic polyesters,

20
Lithiation, 354
Lithium carboxylate-terminated

hyperbranched polyphenylenes, 58
Long, Timothy E., 1
Low dielectric constant, 270
Low-molar-mass polyesters, 29–30
Low-molecular-weight polyols, 220, 221
Low-NCO prepolymers, 210, 213
Low-temperature condensation, in aprotic

solvent, 302
Low-temperature transimidization,

302–303
Lunare SE, 28
Lyotropic compounds, 49

Macromolecules
dendritic, 285
hyperbranched, 284–286

Main-chain liquid crystalline polymers, 49
Main-chain polyester LCP mesogenic

units, 50
Maleamic acid, cyclization of, 293
Maleic anhydride, 59
Maleimido azine, 307
Manganese diacetate catalysts, 71
Mark–Houwink–Sakurada equation, 57
Material safety data sheets (MSDSs), 246
Matrix-assisted laser desorption/ionization

time-of-flight mass spectrometry
(MALDI-TOFMS), 385, 388

McGrath, J. E., 327
MDI isomers, 210
MDIs. See Methylene diphenyl

diisocyanates (MDIs)
Mechanical properties. See also Dynamic

mechanical analysis (DMA)
of polyamides, 138
of polyester LCPs, 52
of polyurethanes, 242–244
of semicrystalline aromatic–aliphatic

polyesters, 45
Mechanical recycling, 208
Medical applications, for polyurethanes,

207
Meisenheimer complex, 334, 346
Meisenheimer intermediates, 335, 336,

338
MEK double-rub test, 245
Melt blending, 40, 47

Melting temperature (Tm), 33, 266 of
PA-6,6, 145

of polyesters, 34–37, 51
of polyamide, 138

Melt phasing, 148
Melt polycondensation, 108
Melt polyesterification, 111–112
Melt polymerization, 12, 338

of polyamides, 159–160, 174
Melt rheology, LCP, 52
Melt-spun fibers, 52
Melt viscosity, 3

of hyperbranched polymers, 58
Membrane technologies, 272
Mercier, R., 265
Mesogenic monomers, copolymerization

of, 52
meta-Cresol (m-cresol), 384, 385

polyimide synthesis in, 294–295
Metal acetates, catalytic activity of, 73–74
Metal alkoxides, catalysis by, 68–69
Metal-catalyzed polymerizations, 289–292
Metal coupling reactions, 347. See also

Transition
metal coupling

Metal hydroxides, 380
monovalent and divalent, 405

Metal–O–metal bonds, 68
Metal salt catalysts, 64
Metathesis catalysts, 432–434

systems of, 434
Metathesis chemistry, history of, 431–432
Metathesis depolymerization, 456–457
Metathesis polymerization, general

conditions for, 440–441
Metathesis reactions, types of, 432
Methanol, 377
Methanolysis, 535

PET, 545, 547–548, 561–562
products of, 541

Methanolysis–hydrolysis, 551–552
Methoxy-functionalized silane polymers,

455
Methylene carbon, oxidation degradation

on, 421
Methylene diphenyl diisocyanates (MDIs),

201, 219. See also MDI isomers
liquefied, 211, 226–227

Methyl placement, precise versus random,
447

N-Methylpyrrolidone (NMP), 156, 302
polyimide synthesis in, 294

Methyl-substituted polycarbosiloxanes,
452
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6-Methyl-1,10-undecadiene, ADMET
polymerization of, 442

Michaelis–Menten enzymatic kinetics, 84
Microbial hydrolysis, 43
Microcellular elastomers, 204–205
Microphase-separated block copolymers,

6–7
Microscopy, electron, 163–164
Modified phenol–formaldehyde resins,

410–411
Modulus–temperature relationship, fillers

and, 149
Molar mass boosting, 89
Molecular composites, polyimide, 269
Molecular structure, of polyurethanes,

209–217
Molecular weight, 266

controlling, 11–12, 347–348
for phenolic oligomers, 385–388
for polyamides, 161
for step-growth polymers, 3–6

Monofunctional monomers, 11–12
Monomer syntheses, polyimide, 295–298
Monomer units, bulky lateral substituents

on, 50
Monomeric MDI, 201
Monomeric salt, polyimide synthesis via,

303
Monomers

for hyperbranched polyester synthesis,
56

modification of, 354–359
multifunctional, 8, 13
purification of, 440
recycling, 539–545

Monosulfonyl chlorides, self-
polycondensation of, 332

Montreal Protocol, 201, 205
MSDSs. See Material safety data sheets

(MSDSs)
Mucor miehei, 84
Multiblock copolymers, 7–8, 26
Multichip modules, dielectrics for,

270–271
Mylar, 21

NaOH-catalyzed resole resin, 409
Naphthalene diisocyanate (NDI), 201
Naphthalene tetracarboxylic dianhydride

(NDTA), 282
Naphthalenic copolyimides, 284
NatureWorks PLA, 22, 28, 29
NCO–H2O reaction, 231, 238
NCO–NCO reactions, 226–227

NCO–OH gellation reaction, 229–231,
233, 235

“Negative neighboring group effect,” 456
Network formation, 13
Networks. See also Epoxy–phenol

networks; Phenolic networks
phenolic-based, 376
polyester-based, 58–60

Neutral hydrolysis, 564–565
of nylon-6 in carpet waste, 566–567
of PET, 550–551

N-Formyl amines, 158
Ni(0) complexes, 486–487
Ni(0)-mediated homo couplings, 469, 489
Ni(II)–Zn coupling, 489
Nickel-based diimine catalysts, 459
Nickel coupling reaction, 347
N-methylation, 158
N-Methylpyrrolidone (NMP), 156, 302

polyimide synthesis in, 294
N-Monoacylation, 316–317
NMP. See N-Methylpyrrolidone (NMP)
NMR. See Nuclear magnetic resonance

(NMR)
NMR spectroscopy. See Nuclear magnetic

resonance (NMR) spectroscopy
N ,N-Diethylcyclohexylamine (DECHA),

229
N ,N-Dimethylcyclohexylamine

(DMCHA), 229
N ,N-Dimorpholinodiethyl ether

(DMDEE), 225, 230
N ,N ,N ′,N ′′,N ′′-Pentamethyldiethylene

triamine (PMDETA), 230, 231
N ,N ,N ′,N ′′,N ′′-Pentamethyldipropylene

triamine (PMDPTA), 230, 231
Non-ester-forming reactions, 89
Non-H-bonding polymers, 220
Nonequilibrium polyesterifications, 61,

75–82
Nonsegmented, monophase polymers, 221
Novolac–epoxy networks, 414
Novolac-HMTA cures, hydroxyben-

zylamine and benzoxazine
decompositions in, 392–398

Novolac networks
degradation mechanisms for, 423
multistage thermo-oxidative process for,

424
Novolac oligomers, controlled molecular

weight cresol, 382–383
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Novolac resins, 378–398
“high-ortho,” 379–381
synthesis of, 378–379

Novolacs
crosslinking with HMTA, 389–398
materials for the synthesis of, 376–378
epoxidized, 411
HMTA crosslinking reactions of,

393–398
thermal stabilities of, 424–425

N-substitution, 181
Nuclear magnetic resonance (NMR), 490

deuterium, 328
Nuclear magnetic resonance (NMR)

spectroscopy, 57, 91–93, 162, 285,
300

Nucleophiles, 483–485
Nucleophilic aromatic substitution

reaction, 334–346. See also SNAr
reaction

for poly(arylene ether ketone) synthesis,
340–341

Nucleophilic displacement, PQ and PPQ
synthesis by, 310–311

Nucleophilic substitution, 10, 282, 283
hyperbranched polyimides via, 308

Nucleophilic synthesis, of bisphenol-A
polysulfone, 337

Nylon. See also Nylons; PA entries
Lewis-acid-catalyzed ammonolysis of,

571
reaction-in-mold, 149

Nylon-4,6. See also PA-4,6
hydrolysis of, 552–555
phase-transfer-catalyzed alkaline

hydrolysis of, 570
Nylon-6, 136, 530, 531. See also PA-6

acid-catalyzed hydrolysis of, 567–568
chemistry and catalysis of, 546
depolymerized, 532–534, 557–558
hydrolysis of, 535, 552
neutral hydrolysis of, 566–567

Nylon-6 waste, 543
Nylon-6,6, 2, 136, 530. See also PA-6,6

acid-catalyzed hydrolysis of, 568
acidolysis of, 568
alkaline hydrolysis of, 568–569
ammonolysis of, 555, 570
chemistry and catalysis of, 546
creation of, 1
hydrogen bonding in, 539
hydrolysis of, 531, 544, 552–555
phase-transfer-catalyzed alkaline

hydrolysis of, 569–570

Nylon-6,6 monomers, recycling, 544
Nylon-6,6 products, depolymerized, 533
Nylons, 19, 135. See also Nylon; PA

entries; Polyamides (PAs)
depolymerization of, 566–571
solvolysis reactions for, 535

OH number, 246
OH-terminated poly(ethylene adipate),

96–97
OH-terminated poly(ethylene

adipate-co-maleate), 97
OH-terminated poly(ε-caprolactone),

98–99
OIs. See Oxygen indices (OIs)
Olefin exchange reactions, 431
Olefin Metathesis and Metathesis

Polymerization (Ivin & Mol), 431
Oligomeric products, 456
Oligomerization, 73, 100
Oligomers

PET, 547
recycling, 539–545
telechelic, 453–454, 456, 457

ω-Amino acids, 174
ω-Aminocaprolic acid, polyamide-6

synthesis from, 175–177
One-component, moisture-cure

polyurethane sealant, preparation of,
256–257

One-component (1-K) polyurethane
dispersions (PUDs), 206. See also
1-K products

One-component systems, 238–241
1-K products, 238
One-shot cast elastomer, preparation of,

249
One-shot techniques, 216, 217, 236–237
Optical fiber waveguide, 271–272
Optically active poly(arylene), synthesis

of, 518–519
Optically active poly(1,1′-bi-2-naphthyl)

(poly[BINAP]), synthesis of,
509–510, 513–514

Optically active polybinathol, synthesis of,
511–513

Optically active polymers, 473, 479–480
synthesis of, 509

Optically active poly(phenylene-
ethynylene), synthesis of,
516–517

Optically active poly(phenylenevinylene),
synthesis of, 510–511
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Optically inactive poly(phenylene-
thiophene), synthesis of,
515–516

Optical properties, of colorless
polyimides, 277–279

Optical rotation, 490
Opto-electronic targets, 271–272
Organic phase-soluble aromatic polyesters,

77
Organoboronic acids, 485
Organocopper reagents, 485
Organofunctionalized polysiloxanes, 450
Organometallic carbene complexes, 432
Organometallic catalysts, 235
Organometallic initiators, 86
Organometallic reagents, 483–485
Organophosphine ligands, 484
Organotin compounds, as urethane

catalysts, 231–232
Organotins, 484–485
Organozincs, 484
Ortho coupling reaction, 381
ortho-Cresol (o-cresol), 384
Ortho-hydroxyl groups, condensation of,

423
Ortho-hydroxymethyl substituents, 401
Ortho–ortho methylene linkages, 393,

395, 407
Ortho–para methylene linkages, 393, 395,

403
Orthopedic fixations, 27
Ortho-quinone methides, 400, 401
Oxalic acid, 379
Oxalic-acid-catalyzed reactions, 384
Oxalic ester

PA-4,2 synthesis from, 173
PA-10,2 synthesis from, 172

Oxide catalysts, 64
Oxygen indices (OIs), 424
Ozonation treatment, 543

PA-2,T synthesis, by interfacial
polymerization, 182–183

PA-3, 178
PA-4 synthesis, 178–179
PA-4,2 synthesis, 173
PA-4,6. See also Nylon-4,6

polymerization of, 153
synthesis of, 171–172

PA-4,T synthesis, by solution method, 183
PA-5 synthesis, 179
PA-6, 137. See also Nylon-6

crystallization in, 141–143

polymerization of, 159
synthesis of, 177–178

PA-6 hydrolytic melt polymerization of
caprolactam, 176–177

PA-6 solid-state postcondensation, 177
PA-6 synthesis, by anionic polymerization

of lactam, 177–178
PA-6,6, 136, 137. See Also Nylon-6,6

melting temperature of, 145
polymerization setup for, 168

PA-6,6 polymerization, from PA salt,
169–170

PA-6,6 synthesis, 166–170
PA-6,10 synthesis, 170–171
PA-6,12 synthesis, 170–171
PA-6,I synthesis

from diphenyl isophthalate, 181–182
from PA salt, 181

PA-7 synthesis, 179
PA-10,2 synthesis, 172
PA-11, synthesis from 11-aminoun-

decanoic acid, 179
PA-11-polyether segmented block

copolymer, synthesizing, 191–192
PA-12 synthesis, 180
Packaging, polyester, 18
PAG. See Photoacid generator (PAG)
PALS. See Positron annihilation lifetime

spectroscopy (PALS)
PAPO. See Poly(4,4′-diphenylphenyl-

phosphine oxide) (PAPO)
PAR. See Polyarylate (PAR)
para-Cresol (p-cresol), 384–385
para-Cresol novolac resin, 425
Paraformaldehyde, 377, 398
Para–para methylene linkages, 393, 395,

403
Para-quinone methide intermediates, 403
Para-quinone methides, 404
para-Trishydroxybenzylamine, reaction

with 2,4-xylenol, 397
Partial aromatic polyamides, 136, 143,

180–184
PAs. See Nylon entries; PA entries;

Polyamides (PAs)
PAS. See Positron annihilation

spectroscopy (PAS)
PA salt, 166

PA-4,6 synthesis from, 171–172
PA-6,6 polymerization from, 169–170
PA-6,I synthesis from, 181

PA salt solution, polymerization from, 164
Pawlow, James H., 431
PBIs. See Polybenzimidazoles (PBIs)
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PBT. See Poly(butylene terephthalate)
(PBT)

PBT degradation, 38
PCA. See Polycaprolactam (PCA)
PCL. See Poly(ε-caprolactone) (CAPA,

PCL)
PCL degradation, 43
PCT. See Poly(1,4-cyclohexylene-

dimethylene terephthalate) (PCT)
PDLA. See Poly(D-lactic acid) (PDLA)
PDLLA. See Poly(DL-lactic acid)

(PDLLA)
PDO. See Poly(dioxanone) (PDO)
Peak heat release rates (PHRRs), 414
PEEK. See Poly(arylene ether ether

ketone) (PEEK)
PEEK precursors, 342
PEEKEK. See Poly(arylene ether ether

ketone ether ketone) (PEEKEK)
PEEKK. See Poly(ether ether ketone

ketone) (PEEKK)
PEI homopolyesters. See Poly(ethylene

isophthalate) (PEI) homopolyesters
PEIs. See Polyetherimides (PEIs)
PEIT. See Poly(ethylene isophthalate–

co–terephthalate) (PEIT)
PEKEKK. See Poly(arylene ether ketone

ether ketone ketone) (PEKEKK)
PEKK copolymer, alternating, 334
PEKs. See Poly(arylene ether ketone)s

(PEKs)
PEMFCs. See Proton exchange membrane

fuel cells (PEMFCs)
PEN. See Poly(ethylene naphthalate)

(PEN)
Pencil hardness, 243
Pendulum hardness, 243
PEN/PET copolymers, 25
PEN synthesis, catalytic activity in, 73
N ,N ,N ′,N ′′,N ′′-Pentamethyldiethylene

triamine (PMDETA), 230, 231
N ,N ,N ′,N ′′,N ′′-Pentamethyldipropylene

triamine (PMDPTA), 230, 231
Pentex, 21
PEO. See Poly(ethylene oxide) (PEO)
PEO oligomer, 360
PEPOs. See Poly(arylene ether phosphine

oxide)s (PEPOs)
Peptide synthesis, 81
Perfluoroalkyl groups, 346
Personal protective equipment (PPE), 246
PES. See Poly(ether sulfone) (PES)
PES polymers, 360

PET. See Poly(ethylene terephthalate)
(PET)

PET chain extension, 89
PET chips, hydrolysis of, 564
PET crystallization kinetics, modification

of, 46–47
PET degradation, 38
PET fibers, 21–24
PET film, 24
PET industrial synthesis, 70
PET monomers, recycling of, 539–541
PET products, recycled and

depolymerized, 531–532
PETRA, 532
PET recycling, research trends and critical

issues in, 533–534
PET resin, 24
PET synthesis, catalytic activity in, 73
PET waste, 532

hydrolysis of, 562
unsaturated polyesters from, 560–561

PGA. See Poly(glycolic acid) (PGA)
PGA degradation, 43
PHA degradation, 43
PHAs. See Poly(hydroxyalkanoic acid)s

(PHAs)
Phase-separated polymers, 215
Phase separation, 217–222
Phase transfer catalysts, 288, 563–564
Phase-transfer-catalyzed alkaline

hydrolysis
of nylon-4,6, 570
of nylon-6,6, 569–570

PHB. See Poly(3-hydroxybutanoic acid)
(PHB)

PHBV. See Poly(3-hydroxybutanoic
acid-co-3-hydroxyvaleric acid)
(PHBV)

Phenol–epoxy reaction. See also
Epoxy-phenolic reaction entries

tertiary amine-catalyzed, 412
triphenylphosphine-catalyzed, 412

Phenol–formaldehyde novolac resin,
preparation of, 429

Phenol–formaldehyde reactions, 399, 380
base-catalyzed, 400–402

Phenol–formaldehyde resins, modified,
410–411

Phenol–formaldehyde resole resins,
preparations of, 429

Phenolic-based networks, 376
Phenolic compounds, 62
Phenolic cyanate resins, 418
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Phenolic degradation, thermal and
thermo-oxidative, 418–425

Phenolic–epoxy networks, 413
Phenolic monomers, second-order reaction

rate constants of formaldehyde with,
403

Phenolic networks, 411
Phenolic–novolac-cured systems, 415
Phenolic novolac–epoxy networks, flame

retardance of, 415
Phenolic oligomers, 375

molecular weight calculations for,
385–388

synthesis of, 381–382
Phenolic resins, 375–425

chemical structures of, 386–387
hydrogen bonding of, 388–389

Phenolic triazine resins, synthesis of, 418
Phenol monomer, 376
Phenols, 376–377

alkylation of, 338
reaction rates of, 384–385
reactions of benzoxazines with,

392–393
p-Phenoxybenzoyl chloride, 333

self-polycondensation of, 332
5-Phenoxyisophthalic acid, 350
Phenoxy radicals, 420
Phenyl-based hyperbranched polymer,

synthesis of, 519
m-Phenylenediamine, polyamide synthesis

from, 183–184
Phenyl ester–phenol interchange

reactions, 62
Phenyl-ethynyl-terminated resins, 267
Phenyltrimethylammonium chloride

(PTMAC), 549
Phillips-type catalysts, 431
PhNCO-2-ethyl hexanol reaction, 229
Phosgenation, 222
Phosphine-oxide-containing monomers,

350
Phosphine-oxide-containing polymers, 345
Phosphorous compounds, as activating

agents, 78–79
Phosphorus pentoxide–methanesulfonic

acid (PPMA), 315
Phosphorylation, 187
Photoacid generator (PAG), 317
Photoluminescence, 490
Photosensitive polyimides, 270–271, 292
PHRRs. See Peak heat release rates

(PHRRs)

Phthalazinone, 355
synthesis of, 356

Phthalic anhydride, 101
Phthalic anhydride–glycerol reaction, 19
Physical properties. See also Barrier

properties; Dielectric properties;
Mechanical properties; Molecular
weight; Optical properties;
Structure–property relationships;
Thermal properties

of aliphatic polyesters, 40–44
of aromatic–aliphatic polyesters, 44–47
of aromatic polyesters, 47–53
of aromatic polymers, 273–274
of epoxy–phenol networks, 413–416
molecular weight and, 3
of PBT, PEN, and PTT, 44–46
of polyester–ether thermoplastic

elastomers, 54
of polyesters, 32–60
of polyimides, 273–287
of polymers, 3
of polyurethanes, 198, 202–205,

208–222
of resole networks, 409–410
of step-growth polymers, 3–9

Picq, D., 265
PLA. See Poly(lactic acid) (PLA)
PLA degradation, 43
Planar polymer, synthesis of, 505
PLLA. See Poly(L-lactic acid) (PLLA)
PMDA. See Pyromellitic dianhydride

(PMDA)
PMDETA. See N ,N ,N ′,N ′′,N ′′-

Pentamethyldiethylene triamine
(PMDETA)

PMDI. See Polymeric MDI (PMDI)
PMDPTA. See N ,N ,N ′,N ′′,N ′′-

Pentamethyldipropylene triamine
(PMDPTA)

PO. See Propylene oxide (PO)
Pocan, 21
Polar protic solvents, 91
Polar substituents, 277
Polk, Malcolm B., 529
Polyaddition reactions, 84–85
Poly(alkylene adipate)s, melting points of,

34
Poly(alkylene arylate)s, melting

temperatures of, 33–35
Poly(alkylene maleate), 82
Poly(alkylene 1,4-phenylene-bisacetate)s,

melting temperatures of, 36
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Poly(alkylene terephthalate)s, 89
melting points of, 34

Poly(alkylene terephthalate) solvents,
90–91

Poly(α-esters), 41
Polyamidation, interfacial method of,

155–156
Polyamide-6 (PA-6), synthesis of,

174–176. See also PA-6 entries
Polyamide endgroups, 161
Polyamide-imide, synthesis of, 291
Polyamides (PAs), 135–193. See also

Nylons; PA entries
acid chloride polymerization of,

155–157
aliphatic AB-type, 173–180
applications for, 136–137, 148–149
characterization of, 160–164
chemical structure of, 5, 6, 139–144,

160–164
chemistry and analytical techniques for,

149–164
copolymers of, 144–148
experimental methods for, 159–160
high-performance liquid chroma-

tography analysis of, 162
history of, 135–136
hydrolytic polymerization of, 150–153
molecular weight determination for, 161
naming and numbering of, 135
partially aromatic, 180–184
reinforced, 139
research trends and critical issues

concerning, 137
ring-opening polymerization of,

153–155
solubility of, 161
structural regularity of, 139–143
structure analysis of, 162–164
structure–property relationships for,

138–149
synthesis from aromatic diamines and

aliphatic diacids, 183–184
synthesis from diisocyanates, 184
synthesis from m-phenylenediamine and

adipoyl chloride by solution
polymerization, 183–184

synthesis of, 164–193
transamidation in, 158
viscometry of, 161–162
water absorption in, 143–144
wholly aromatic, 184–189

Polyamines, synthesis of, 222–224, 471
Poly(m-arylamine), synthesis of, 506–507

Polyarylate (PAR), 22
Poly(arylene), optically active, 518–519
Poly(arylene ether ether ketone) (PEEK),

327
high-molecular-weight, 343
synthesis of, 335, 341

Poly(arylene ether ether ketone ether
ketone)(PEEKEK), synthesis of, 335

Poly(arylene ether ketone ether ketone
ketone) (PEKEKK), 327

Poly(arylene ether ketone sulfone)
copolymers, 360

Poly(arylene ether ketone)s (PEKs), 327
block and graft copolymers of, 359–361
hyperbranched, 349
modification of, 354
synthesis of, 340–345, 360

Poly(arylene ether phosphine oxide)s
(PEPOs), 345

Poly(arylene ether)s, 10, 327–364
dendritic, 350
metal coupling reactions and, 347
modification of, 351–359
molecular structure of, 327–329
molecular weight and endgroups and,

347–348
synthesis of, 329–347
synthesis via activated dihalides, 346
synthesis via SN Ar reaction, 336
topology control for, 348–351
Ullman reaction and, 346–347

Poly(arylene ether sulfone)s
block and graft copolymers of, 359–361
synthesis via potassium carbonate

process, 339
synthesis via silyl ether displacement,

340
synthesis via SN Ar reaction, 336–340

Poly(aryleneethynylene), synthesis of,
498, 499

Poly(arylene thioether)s, 363–364
Poly(arylene thioether sulfone)s, 364
Poly(aryl sulfone) derivatives, 354
Poly(p-benzamide), synthesis of, 188–189
Polybenzimidazoles (PBIs), 265

ferrocene-containing, 315
synthesis of, 313

Poly(2,5-benzophenone), synthesis of, 492
Polybenzothiazole, synthesis of, 314–319
Polybenzoxazoles, synthesis of, 292,

314–319
Poly(β-esters), 41–43
Poly(1,1′-bi-2-naphthyl) (Poly[BINAP]),

optically active, 509–510, 513–514
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Polybinathol, optically active, 511–513
1,4-Polybutadiene, depolymerization of,

457–458
Polybutadienes, 213

telechelics from, 456–459
Poly(butylene terephthalate) (PBT), 18,

19, 21, 24–26, 65, 87, 146, 547. See
also PBT degradation

structure and properties of, 44–46
synthesis of, 106, 191

Polycaprolactam (PCA), 530, 541
Poly(ε-caprolactone) (CAPA, PCL), 28,

42, 86. See also PCL degradation
OH-terminated, 98–99

Polycaprolactones, 213
Poly(carbo[dimethyl]silane)s, 450, 451
Polycarbonate glycols, 207
Polycarbonate–polysulfone block

copolymer, 360
Polycarbonates, 213

chemical structure of, 5
Polycarbosilanes, 450–456
Poly(chlorocarbosilanes), 454
Polycondensations, 57, 100
Poly(1,4-cyclohexylenedimethylene

terephthalate) (PCT), 25
Polydimethyl siloxanes, 4
Poly(dioxanone) (PDO), 27
Poly(4,4′-diphenylphenylphosphine oxide)

(PAPO), 347
Polydispersity, 57
Polydispersity index, 444
Poly(D-lactic acid) (PDLA), 41
Poly(DL-lactic acid) (PDLLA), 42
Polyester amides, 18
Polyester-based networks, 58–60
Polyester carbonates, 18
Polyester–ether block copolymers, 20
Polyester–ethers, 26
Polyester–ether thermoplastic elastomers,

53
properties of, 54

Polyesterification
activation, 77–81
commercial, 13
dibasic acid and diol, 17
direct, 63–69
enzyme-catalyzed, 82–84
high-temperature, 59
high-temperature bulk, 61–74
nonequilibrium, 75–82
reaction mechanisms, 66–69
synthetic methods of, 60–95

Polyester LCP, 22

Polyester–polyether copolymers, 8
Polyester–polyether thermoplastic

elastomers, synthesis of, 108–109
Polyester polyols, 29, 207, 223–224
Polyester resins

thermosetting, 29–31
unsaturated, 29–30, 58–59

Polyesters, 17–118, 212–213. See also
Thermoplastic polyesters;
Unsaturated polyesters

adjusting the properties of, 45
applications for, 20–31
aromatic, 109–114
biodegradation of, 43–44
bioresorbable, 99–101
characterization of, 90–95
chemical reactions involving ester

linkage in, 39–40
chemical structure of, 5, 6
C−O resonance of, 91–92
degradable, 27–29
depolymerization of, 537, 557–566
diamide-modified, 190–191
endgroup determination in, 94–95
history of, 19–20
hydrolytic degradation of, 40
hyperbranched, 55–58, 114–118
issues and research trends regarding,

31–32
liquid crystalline, 48–53, 113–114
microstructure and architecture of,

53–60
reactions producing, 17–18
soluble, 80–81
structure–property relationships of,

32–60
thermal and thermo-oxidative

degradation of, 38–39
thermal properties of, 33–38
world production and prices of, 18, 21

Polyester/styrene resin, unsaturated, 101
Polyester syntheses, 20, 95–118

nonconventional, 87–90
Polyester thermoplastic elastomers (ester

TPEs), 18, 22, 26–27, 33
Polyester thermosetting resins

regulatory issues for, 31
unsaturated, 101–103

Polyether–amide segmented copolymers,
191

Polyether–diamide segmented
copolymers, synthesizing, 192–193

Polyetheretherketone, chemical structure
of, 6
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Poly(ether ether ketone)-block-poly-
dimethylsiloxane copolymers,
359

Poly(ether ether ketone ketone) (PEEKK),
360, 361

Polyetherimides (PEIs), hyperbranched,
287

Poly(ether ketone), synthesis of, 343
Poly(ether ketone) dendrons, synthesis of,

352–353
Poly(ether ketone ketone)s (PEKK),

332–334
Polyether–PA segmented copolymers,

synthesizing, 191–192
Polyether polyols, 200, 205, 211–212

synthesis of, 223, 224
Poly(ether sulfone) (PES), 327. See also

Poly(arylene ether sulfone)s;
Poly(phenylene ether sulfone) chains;
Sulfonated poly(arylene ether
sulfone)

Poly(ethylene adipate), synthesis by
diacid–diol reaction, 95–97

Poly(ethylene isophthalate) (PEI)
homopolyesters, 89–90

Poly(ethylene isophthalate-co-tere-
phthalate) (PEIT), synthesis of,
106–107

Poly(ethylene naphthalate) (PEN), 20, 21,
25. See also PEN entries

structure and properties of, 44–46
Poly(ethylene oxide) (PEO), 359
Polyethylenes

branching in, 445–447
thermal properties of, 448

Poly(ethylene terephthalate) (PET), 2,
18–23, 65, 146. See also PEN/PET
copolymers; PET entries

acid catalysis of, 548–549
alkaline hydrolysis of, 549–550
aminolysis of, 551, 565–566
ammonolysis of, 551, 565
chemistry and catalysis of, 545–546
combined methods of depolymerizing,

551–552
depolymerization of, 557
glycolysis of, 546–547, 558–559
glycolysis–hydrolysis of, 566
glycolysis–methanolysis of, 566
hydrolysis of, 548–551, 562–564
methanolysis of, 547–548, 561–562
neutral hydrolysis of, 550–551,

564–565
recycled, 529–530, 540

solid-state post polymerization of,
105–106

solvolysis reactions for, 535
structure and properties of, 44–47
synthesis of, 63, 103–106

Poly(glycolic acid) (PGA), 41, 42, 85
preparation of, 99

Polyheterocyclization concept, 265
Poly(hexafluorobisphenol-A), 361
Poly(hexamethylene adipamide), 5
Poly(hexamethylene adipate), 5
Poly(hexamethylene fumarate) synthesis,

100–101
Poly(hexamethylene maleate) synthesis,

101
Poly(hydroxyalkanoic acid)s (PHAs), 27,

31, 41–43 biodegradable, 90
Poly(4-hydroxybenzoic acid) (PHBA),

49–50
Poly(3-hydroxybutanoic acid) (PHB), 42,

86
Poly(3-hydroxybutanoic acid-co-3-

hydroxyvaleric acid) (PHBV), 42
Polyimide applications, trends in,

267–273
Polyimide cyclization, 305
Polyimide powders, crystalline, 304
Polyimides, 265–319

AB, 304–307
analytical methods for, 298–300
catalysis of, 287–292
chemical structure of, 6, 274–279
chemistry and analytical techniques for,

287–300
diamines and dianhydrides for synthesis

of, 295–298
dielectric properties and moisture

uptake of, 280
history of, 265–267
hyperbranched, 307–309
methods of synthesis for, 300–319
microstructure and architecture of,

282–287
miscellaneous applications for, 273
monomer syntheses for, 295–298
optical properties of, 277–279
photosensitive, 270–271, 292
preparation in solvent, 294
rodlike, 281
solid-state syntheses of, 304
structure–property relationships for,

273–287
synthesis by vapor-phase deposition,

303
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synthesis in m-cresol, 294–295
synthesis in NMP, 294
synthesis in water, 303–304
synthesis without solvent via

monomeric salt, 303
Poly(iminoesters), 87–88
Poly(ketone ketone sulfone), synthesis of,

344
Polyketone synthesis, 471, 508

via Suzuki reaction, 348
Poly(lactic acid) (PLA), 20, 29, 31, 41,

81, 85
Polylactides, 18
Polylactones, 18, 43
Poly(L-lactic acid) (PLLA), 22, 41, 42

preparation of, 99–100
“Polymer age,” 1
Polymer architecture, 6–9
Polymer chains, nonmesogenic units in, 52
Polymer Chemistry (Stevens), 5
Polymeric chiral catalysts, 473–474
Polymeric materials, history of, 1–2
Polymeric MDI (PMDI), 201, 210, 238
Polymerizations. See also Copoly-

merization; Depolymerization;
Polyesterification; Polymers;
Prepolymerization; Repolymerization;
Ring-opening polymerization;
Solid-state polymerization; Solution
polymerization; Solvent-free poly-
merization; Step-grown polymeri-
zation processes; Vapor-phase
deposition polymerization

acid chloride, 155–157
ADMET, 4, 10, 431–461
anionic, 149, 174, 177–178
batch, 167
bulk, 166, 331
chain-growth, 4
continuous, 167, 548
coupling, 467
Friedel–Crafts, 332–334
Hoechst, 548
hydrolytic, 150–153
influence of water content on, 151–152,

154
interfacial, 182–183
linear step-growth, 13
melt, 12, 159–160, 174, 176–177, 338
metal-catalyzed, 289–292
metathesis, 440–441, 456–457
of PA-6,6, 169–170
ring-opening, 18, 344–345, 432, 435,

436

transesterification, 69–74
Polymer matrix, hard and soft segments

of, 219
Polymer microstructure, precise branching

and, 445–447
Polymers

backbone structure of, 4
biodegradable, 29
bioresorbable, 27
fluorinated, 361–363
hyperbranched, 348–350
incorporation of chiral units into, 479
liquid crystalline, 49
modification of, 351–354
physical properties of, 3
solvolytic reactions of, 536–537
synthesis of, 494–495, 507

Poly(octenamer), 443, 444, 445
Polyolefins, functionalized, 459–460
Polyols, 211

“filled,” 213
PET-based, 547
recycling from polyurethanes, 544–545
synthesis of, 222–224

Poly(ω-hydroxyacid)s, melting points of,
34

Poly(4-oxybenzoyl-co-6-oxy-2-naphthoyl),
113

Poly(p-oxybenzoyl-co-p-phenylene
isophthalate]), 113–114

Poly(2,2′-oxydiethylene adipate), 29
Polyoxymethylene glycol, aqueous, 377
Poly(oxytetramethylene) (PTMO), 53
Poly(p-phenylene). See also

Poly(para-phenylene)s
dendronized, 520–521
synthesis of, 491–494
synthesis of water-soluble, 493

Poly(phenylene ether sulfone) chains,
351

Polyphenyleneethylylene, synthesis of,
501–502

Poly(phenyleneethynylene)s, 482
optically active, 516–517
synthesis of, 496–500, 502

Poly(m-phenylene isophthalamide), 136
synthesis of, 185–186

Poly(1,4-phenylene terephthalate) liquid
crystalline polymers, 51

Poly(para-phenylene)s, 472. See also
Poly(p-phenylene)
Poly(p-phenylene terephthalamide),

136–137
synthesis by phosphorylation, 187
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Poly(p-phenylene terephthalamide)
(Continued )

synthesis by silylated diamines, 188
synthesis of, 185–187

Poly(phenylene-thiophene), optically
inactive, 515–516

Poly(phenylenethylene), dendronized, 522
Poly(phenylenevinylene)

optically active, 510–511
synthesis of, 495–496

Poly(para-phenylenevinylene)s, 472
Polyphenylquinoxaline (PPQ)

hyperbranched, 312–314
synthesis of, 309–313

Polyphosphoric acid, 333
Poly(propylene oxide) polyol, 223
Polypropylene polyols, 220
Poly(pyridine), synthesis of, 503–505
Polyquinoxaline (PQ), synthesis of,

309–313
Polyquinoxaline-2,2-diyl, synthesis of, 292
Polysiloxanes, 4
Polysulfonation, side reactions of, 331
Polysulfone (PSF), 359
Polysulfone-block-polydimethylsiloxane,

359
Polysulfone derivatives, 354
Polysulfonylation, Friedel–Crafts,

329–332
Polysulfonylation reaction routes, 330
Poly(tetramethylene adipate-co-

terephthalate). See Eastar Bio

Polytetramethylene glycols, 220
Poly(tetramethylene octanedioate),

high-molar-mass, 98
Poly(tetramethylene oxide) (PTMO), 359
Poly(tetramethylene oxide) polyols, 223
Polythiophenepyridine, synthesis of, 502
Polythiophenes, 472

synthesis of, 502–503, 507–508
Poly(trimethylene carbonate) (PTC), 27
Poly(trimethylene terephthalate) (PTT),

19, 21, 25, 31
structure and properties of, 44–46
synthesis of, 65

Polyurea adhesive, preparation of,
255–256

Polyurea coatings, preparation of,
252–253

Polyureas, 197
Polyurethane catalysis, 228
Polyurethane coatings, 202, 203

preparation of, 254–255

Polyurethane dispersions (PUDs),
206–207

aqueous, 240
Polyurethane elastomeric fibers, 205
Polyurethane elastomers, 201
Polyurethane foams, 20, 29, 202

preparation of, 251–252
Polyurethane formulations, one- and

two-component
system, 238–241

Polyurethane hydrogels, preparation of,
250–251

Polyurethane–polyester copolymers, 8
Polyurethane potting compounds, 203
Polyurethane products, depolymerized,

533
Polyurethanes (PUs, PURs), 197–258

ammonolysis and aminolysis of, 556
analytical techniques for, 241–246
applications, properties, and processing

methods for, 198, 202–205
application testing of, 244–245
blood contact applications for, 207
chemical structure of, 5
chemistry and catalysis of, 222–236,

546
combined chemolysis methods for

depolymerization of, 556–557
compositional analysis of, 241
depolymerization of, 534–536, 558,

571–574
experimental methods for, 236–241
formation of, 12, 13
glycolysis of, 537, 555, 571–573
history of, 197–202
hydrolysis of, 555–557, 573–574
mechanical properties of, 242–244
medical applications for, 207
molecular structure of, 209–217
primary structure in, 215
recycling of polyols from, 544–545
research trends and critical issues

concerning, 205–208
secondary structure in, 216
steam hydrolysis depolymerization of,

531, 533
structure–property relationships of,

208–222
synthetic methods for, 246–258
thermal analysis of, 241–242
thermoformable, 257–258
thermoplastic, 204

Polyurethane sealant, preparation of,
256–257
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Polyurethane/urea dispersion, aqueous,
239

Polyvinyl chloride (PVC) contamination,
540

Positron annihilation lifetime spectroscopy
(PALS), 300

Positron annihilation spectroscopy (PAS),
416

Postpolycondensation. See Solid-state
postpolycondensation

Potassium carbonate process, poly(arylene
ether sulfone) synthesis via, 339

Pot life, 232
Powder coatings, 240
PPE. See Personal protective equipment

(PPE)
PPMA. See Phosphorus pentoxide–

methanesulfonic acid (PPMA)
PPQ. See Polyphenylquinoxaline (PPQ)
PQ. See Polyquinoxaline (PQ)
Prepolymerization, 167
Prepolymer method, 210–211, 216–217,

236, 249–250
Prepolymers, solid-state postcondensation

of, 170
1,3-Propanediol, 25
Propeller-like polymer, synthesis of,

517–518
Property adjustment, 45–47
Propionic acid, 2,2-bis(hydroxymethyl),

114–116
Propylene glycol, glycolysis of

polyurethanes with, 572
Propylene oxide (PO), glycolysis of

polyurethanes with, 572–573
Propylene oxide (PO) polyols, 211, 223
Proton exchange membrane fuel cells

(PEMFCs), 272–273
Proton NMR integrations, 386. See also

1H NMR spectroscopy
Protonic acids, reactions catalyzed by,

67–68
PSF. See Polysulfone (PSF)
PSF oligomer, 359, 360
PTC. See Poly(trimethylene carbonate)

(PTC)
PTMAC. See Phenyltrimethylammonium

chloride (PTMAC)
PTMO. See Poly(oxytetramethylene)

(PTMO); Poly(tetramethylene oxide)
(PTMO)

PTT. See Poly(trimethylene terephthalate)
(PTT)

PUDs. See Polyurethane dispersions
(PUDs)

PURs. See Polyurethanes (PUs, PURs)
Pyrex hydrolysis reactor, hydrolysis of

polyurethane in, 573
Pyrolysis, 208
Pyromellitic dianhydride (PMDA), 297

Quasi-prepolymers, 236, 237
Quinoid resonance forms, 402
Quinone methide reactions, with

hydroxymethyl-substituted phenolate,
404

Quinone methides, 400, 401, 406

Radial copolymers, 7
Raman spectroscopy, 387
Raw materials

analysis of, 245–246
exposure to air, 248

RCM. See Ring-closing metathesis (RCM)
Reaction by-products, removing, 83
Reaction extrusion, 204
Reaction “index,” 237
Reaction injection molding (RIM), 205
Reaction-in-mold (RIM) nylon, 149
Reaction kinetics, 76, 77
Reaction mechanisms, polyesterification,

66–69
Reaction water, 68
Reactive diluents, 221
Reagents, purification of, 440
Recycled PET products, applications of,

531–532
Recycling, 529–574

closed-loop, 534
history of, 529–531
of urethane materials, 207–208

Reinforced polyamides, 139
Relative viscosity, 161
REPETE, 532
Repolymerization, 559–560

of EG and DMT, 561–562
Research

PET recycling, 533–534
Research

in polyamides, 137
in polyesters, 31–32
in polyurethane, 205–208
in transition metal coupling

polymerization, 477
Resiliency tests, 244
Resins. See also Polyester resins;

Polyester thermosetting resins;
Unsaturated polyester resins (UPRs)
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Resins (Continued )
alkyd, 30–31, 59–60
alkylphenolic, 376
Bakelite, 1
cyanate, 418
fiberglass, 30
general-purpose, 59
glyptal, 18
novolac, 378–398, 425
PET, 24
phenol–formaldehyde, 410–411, 429
phenyl-ethynyl-terminated, 267
resole, 406–407, 409, 429
thermoplastic, 26
thermosetting, 19, 29–31
thermosetting polyester, 29–31
uralkyd, 202

Resole networks
primary degradation route for, 421–423
properties of, 409–410

Resole phenolic oligomers, materials for
the synthesis of, 376–378

Resole resins, 429
characterization of, 407–409
crosslinking reactions of, 406–407
FTIR absorption band assignment of,

408
Resole resin syntheses, 398–406
Retro Friedel–Crafts alkylation, 342
Riffle, J. S., 375
Rigid block copolymers, 53
Rigid foams

applications for, 201
preparation of, 251–252
tests for, 244

Rigid insulation foam, 206
Rigid isocyanurate foams, 226
RIM. See Reaction injection molding

(RIM)
RIM nylon. See Reaction-in-mold (RIM)

nylon
Ring-chain lactam–polymer equilibrium,

174
Ring-closing metathesis (RCM), 432, 434
Ring-opening metathesis polymerization

(ROMP), 432, 435, 436
Ring-opening polymerization, 18,

344–345
of cyclic esters, 85–87
initiators for, 87
of polyamides, 153–155

Rodlike polyimide, synthesis of, 293
Rogers, Martin E., 1

ROMP. See Ring-opening metathesis
polymerization (ROMP)

Rotational casting elastomers, 204
Rubber, urethane, 201
Rubberlike polymers, 18
Rubber-modified blends, 149
Rynite, 21

SANS. See Small-angle neutron scattering
(SANS)

SAXS. See Small-angle x-ray
spectroscopy (SAXS)

Scanning force morphology (SFM), 490
Schiff base structures, 152
Schrock alkylidenes, 433
Schrock-type alkylidene catalysts, 438
Sealants

polyurethane, 203
preparation of, 256–257

SEC analyses. See Size exclusion
chromatography (SEC) analyses

Secondary reactions, 227
Segmented copolymers, 7–8, 191–193
Self-polycondensation, 332
“Self-reinforced” thermoplastic resins, 26
Semicrystalline aromatic–aliphatic

polyesters, mechanical properties of,
45

Semicrystalline partial aromatic
polyamides, 139

Semicrystalline polyesters, 45
Semicrystalline polymers, melting

temperatures of, 33
Semirigid foams, 203

tests for, 244
Sensitization, 246
SFM. See Scanning force morphology

(SFM)
Shear modulus, polyamide, 138
Sheet molding compounds (SMCs), 30
Shoe sole products, 205
Shore hardness gauge, 243
Side-chain liquid crystalline polymers, 49
Side reactions, in transition metal

coupling, 477
Silicon alkoxide groups, 455
Silicon-containing polymers, 450–460
Silicon–methoxy bonds, hydrolysis of,

455
Sillion, B., 265
Siloxane block copolymers, 451
Siloxanes, 450–456
Silyl ether displacement, poly(arylene

ether sulfone) synthesis via, 340
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Silylated diamines, 156, 187–188
Silylated monomers, 72
Silylation, distillation and, 338
6NT6 alternating polyesteramide,

synthesizing, 189–190
6,6′-linked polymers, 480
Size exclusion chromatography (SEC)

analyses, 90, 490
Slabstock foam, 233–234
Slow monomer addition, 57
Small-angle neutron scattering (SANS),

282
Small-angle x-ray spectroscopy (SAXS),

160–161, 163
SMCs. See Sheet molding compounds

(SMCs)
Smith, Jason A., 431
Sn2+ compounds, 233
Sn4+ compounds, 232
SNAr reaction. See also Nucleophilic

aromatic substitution reaction
poly(arylene ether sulfone) synthesis

via, 336–340
poly(arylene ether) synthesis via, 336

Soft block copolymers, 53
Soft block microdomain, 215
Solid-state condensation, 293
Solid-state nuclear magnetic resonance,

162
Solid-state polymerization, 159
Solid-state postcondensation, 170

PA-6, 177
Solid-state postpolycondensation, 99, 108
Solid-state postpolymerization, 72,

105–106
Solid-state synthesis, of polyimides, 304
“Solid stating” technology, 530
Solid waste disposal, 27
Solubility, 3

in hyperbranched polymers, 58
polyimide, 274–277

Soluble precursor approaches, 341–344
Solution polymerization, 331

PA-4,T synthesis by, 183
polyamides from, 183–184

Solution reactions, diacid chloride–diol,
75–77

Solvent-borne, one-component,
moisture-cure, aliphatic polyurea
coating, preparation of, 253

Solvent-borne systems, 237–238
Solvent–catalyst system, 334
Solvent-free depolymerization, 458
Solvent-free polymerization, 338

Solvent-free systems, 206
Solvents

polyester, 90–91
purification of, 440

Sorona PTT polymer, 21, 25
“Spandex,” 205
Spectroscopy, 490. See also 13C NMR

spectroscopy; FT Raman
spectroscopy; Fourier transform
infrared (FTIR) spectrometry; 1H
NMR spectroscopy; Infrared (IR)
spectroscopy; Nuclear magnetic
resonance (NMR) spectroscopy;
Positron annihilation lifetime
spectroscopy (PALS); Positron
annihilation spectroscopy (PAS);
Raman spectroscopy; Small-angle
x-ray spectroscopy (SAXS);
Ultraviolet spectroscopy; Wide-angle
x-ray spectroscopy (WAXS)

Spot tests, 245
Spray elastomers, 204
Star-branched polymers, 187
Star copolymers, 7
Steam, hydrolysis of polyurethane with,

573–574
Step-growth polymer industry, 2
Step-growth polymerization processes,

design of, 13
Step-growth polymers

applications for, 2
history of, 1–2
structure–property relationships in, 3–9
synthetic methods in, 1–14

Step-growth processes, 1
Stilan, 327, 328
Stille coupling, 470, 489
Stirred interfacial process, 155
Stoichiometric imbalance, 11
Stoichiometry, 1 : 1, 13
Stoving lacquers, 240
Stress–strain curve, 242

polyester elastomer, 55
Structural polyimide applications,

267–269
Structural randomization, 40
Structure analysis, of polyamides,

162–164
Structure–property relationships

in ADMET polymerization, 445–450
in depolymerization, 534–545
in polyamides, 138–149
in polyimides, 273–287
in polyurethane, 208–222
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Structure–property relationships
(Continued )

in transition metal coupling, 477–482
Sulfonated BFPPO monomer, 357–358
Sulfonated DCDPS, synthesis route for,

358
Sulfonated hydroquinone, 355, 356
Sulfonated poly(arylene ether sulfone),

351
synthesis of, 356

Sulfone synthesis, 329
Sulfonic acid monomers, 332
Sulfonylation, Friedel–Crafts, 329–332
Sulfur compounds, as activating agents,

80–81
Supercritical CO2, 206
Surfactants, ionic, 77
Suzuki reaction, 289, 290, 347, 348, 470,

489, 491
Swellable aromatic polyesters, 77

T6T-dimethyl, 189
TAPA. See Tris(4-aminophenyl) amine

(TAPA)
TBPS. See Thiobisphenol S (TBPS)
TDA. See Toluene diamine (TDA)
TDI. See Toluene diisocyanate (TDI)
TDI isomers, 210
Tear strength tests, 242–243
TEDA. See Triethylene diamine (TEDA)
Telechelic oligomers, 456, 457

copolymerization of, 453–454
Telechelics, from polybutadiene, 456–459
TEM technique, 163–164
Temperature, polyamide shear modulus

and, 138. See also β-transition
temperature (Tβ ); Brill temperature;
Deblocking temperatures; γ -transition
temperature (Tγ ); Glass transition
temperature (Tg); Heat deflection
temperature (HDT); Heat distortion
temperature (HDT); High-temperature

entries; Low-temperature entries;
Melting temperature (Tm);
Modulus–temperature
relationship; Thermal entries

Tensile strength, 3, 242
TEOS. See Tetraethoxysilane (TEOS)
TEP. See Triethyl phosphate (TEP)
Terephthaldehyde, polymerization of, 88
Terephthalic acid (TPA), 50, 535, 548–549

polyesterification of, 64
Terephthalic acid–1,2-ethanediol reaction,

104–105

Terephthalic acid–isophthalic
acid–bisphenol-A diacetate melt
polyesterification, 112

Terephthalic acid–isophthalic
acid–bisphenol-A reaction, 111

Terephthalic acid reaction, 74
Terephthaloyl chloride, 333

synthesis of poly(p-phenylene
terephthalamide) from, 186–187

Terephthaloyl chloride/isophthaloyl
chloride/bisphenol-A interfacial
polyesterification, 110–111

Terephthaloyl chloride/isophthaloyl
chloride/bisphenol-A solution
polyesterification, 109–110

Tergal, 21
Tertiary amine catalysts, 228–230
Tessier, Martine, 17
Tetraalkoxyzirconium-catalyzed reactions,

68
Tetraalkylammonium hydroxides, 405
Tetrabutoxytitanium, 70
Tetrabutyltin, 68
Tetraethoxysilane (TEOS), 348
Tetrahydrofuran (THF), 348
Tetrakis(triphenylphosphine)palladium(0),

486
1,4-Tetramethylenediamine, 171, 172
Textile fiber, 2
TGA. See Thermogravimetric analysis

(TGA)
THEIC. See Trishydroxyethyl

isocyanurate (THEIC)
Thermal analysis, of polyurethanes,

241–242
Thermal crosslinking, of phenolic

hydroxyl and methylene linkages, 419
Thermal degradation, of polyesters, 38–39
Thermal properties

of block copolymers, 7
of polyesters, 33–38

Thermal resistance, LCP, 52
Thermal transitions, polyamide, 138
Thermoformable polyurethane, preparation

of, 257–258
Thermogravimetric analysis (TGA), 242,

444, 490
Thermoplastic elastomers (TPEs), 26–27,

147–148
polyester, 53–55

Thermoplastic linear polyesters, 18
Thermoplastic polyesters, 20–29, 31

commercial (table), 21–22
number-average molar mass of, 45
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Thermoplastic polyurethanes (TPUs),
201–202, 204

Thermoplastic resins, “self-reinforced,” 26
Thermoplastics, preparation of, 257–258
Thermoplastic step-growth polymers, 3
Thermosetting polyester resins, 29–31
Thermosetting resins, 3–4, 19
Thermotropic compounds, 49
THF. See Tetrahydrofuran (THF)
Thiobisphenol S (TBPS), 364
Thionyl chloride, 80

activation of, 111
3,3′-linked polymers, 480
Tin–amine coordination complex, 234
Tin compounds, 86, 232–233

synergism with tertiary amines, 234
Tischchenko–Claisen reaction, 88
Titanium alkoxides, 68
Titanium compounds, 69, 71
Titration methods, 247
TMP. See Trimethylol propane (TMP);

Tris(hydroxymethyl)propane (TMP)
TNT-based condensation monomers, 297
Toluene diamine (TDA), 222
Toluene diisocyanate (TDI), 200, 219

dimer of, 240
polyamide synthesis from, 184

Toluene–water azeotropic mixture, 64
TOMAB. See Trioctylmethylammonium

bromide (TOMAB)
TOMAC. See Trioctylmethylammonium

chloride (TOMAC)
Topology control, 348–351
Tosyl chloride, 80
TPA. See Terephthalic acid (TPA)
TPEs. See Thermoplastic elastomers

(TPEs)
TPPCl2. See Triphenylphosphine

dichloride (TPPCl2)
TPUs. See Thermoplastic polyurethanes

(TPUs)
Transamidation, polyamide, 158
Transesterification, 529–530
Transesterification polymerizations, 69–74
Transimidization, 302–303
Transition metal coupling, 10, 467–523

applications for, 472–476
chemistry and analytic techniques for,

483–490
history of, 467–472
polymer characterization in, 489–490
research trends and issues in, 477
structure–property relationships in,

477–482

synthetic methods for, 491–523
Transition metal coupling polymers

chemical structure of, 477–481
microstructure and architecture of,

481–482
Transmetallation reaction, 484
Tribenzylamine, decomposition of, 423
Triblock copolymers, 7
Triethylamine, resole syntheses catalyzed

with, 405–406
Triethylene diamine (TEDA), 230, 231
Triethyl phosphate (TEP), 354
Trifluoroactic anhydride, 78
Trifluoromethanesulfonic acid, 334
Trifunctional monomers, 14
Triglyceride content, in resins, 60
Trihydroxymethylphenol curing process,

410
Trimer foams, 201
Trimerization, 226–227
Trimethylol propane (TMP), 224
Trimethylsilyl 3,5-diacetoxybenzoate,

synthesis and polycondensations of,
118

Trimethylsilylpolyphosphate, 315
Trioctylmethylammonium bromide

(TOMAB), 550
Trioctylmethylammonium chloride

(TOMAC), 550
Triphenylphosphine dichloride (TPPCl2),

78, 79
Triphenylphosphine oxide, 297
Tris(4-aminophenyl) amine (TAPA),

308–309
para-Trishydroxybenzylamine, reaction

with 2,4-xylenol, 397
Trishydroxyethyl isocyanurate (THEIC),

269
Tris(hydroxymethyl)propane (TMP), 114,

115
Turner, S. Richard, 1
Two-component (2-K), nonsagging,

polyurea structural adhesive,
preparation of, 255–256

Two-component (2-K) systems, 238–241
Two-component (2-K) waterborne

polyurethane coatings, 206
preparation of, 254–255

Two-shot cast elastomer, preparation of,
249–250

Two-shot techniques, 216, 236–237

Udel, 327, 328, 347
UL (Underwriter’s Laboratories) testing,

245
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Ullman reaction, 346–347
Ultem, 346
“Ultralow-monol” polyols, 223
Ultrapek, 327, 328
Ultraviolet (UV) radiation, 209
Ultraviolet spectroscopy, 490
Unimolecular micelle, 58
United States, phenolic production in, 375
Unsaturated maleate/O-phthalate/

1,2-propanediol polyester
prepolymer, 101–102

Unsaturated polyester resins (UPRs), 19,
29–30, 58–59

Unsaturated polyesters (UPs), 4, 18, 19
from PET waste, 560–561

Unsaturated polyester/styrene resin,
preparation and cure of, 101

Unsaturated polyester thermosetting
resins, syntheses of, 101–103

Unstirred interfacial process, 155
U-Polymer, 77
UPR-laminating resins, 30. See also

Unsaturated polyester resins (UPRs)
Uralkyd resins, 202
Urea–methylol reaction, 410
Urethane alkyds, 241
Urethane coatings, 202
Urethane elastomers, implanted, 207
Urethane foams, tests for, 244
Urethane gels, 205
Urethane-grade ATPEs, 223
Urethane-grade polyol types, 212
Urethane-grade raw materials, 246
Urethane hydrogel, preparation of,

250–251
Urethane lacquers, 240
Urethane materials

recycling of, 207–208
synthetic methods for, 246–258

Urethane oils, 202, 241
Urethane polymers, 197
Urethanes

large-scale commercialization of, 200
raw materials used for, 247
synthesizing and applying, 236–237

UV radiation. See Ultraviolet (UV)
radiation

Valox, 21
Vapor-phase deposition polymerization

polyimide synthesis by, 303
PQ and PPQ synthesis by, 312

Vapour pressure osmometry (VPO), 409
Varnishes, air-drying, 30
Vectra, 20, 22, 35, 52
Vectra A-950, 48
Victrex, 327, 328
Victrex PEEK, 327, 328
Vilsmeir adduct, 79, 80
Vinyl ester endgroup reaction, 541
Vinyl esters, 83
“Virtually crosslinked” (VC) products, 201
Viscometry, of polyamides, 161–162
Viscosity, molecular weight and, 3
VK column reactor, 175
Volatile organic compounds (VOCs), 206,

207
emissions of, 30–31, 202

Volatilization, of dicarboxylic acid
monomers, 72

VPO. See Vapour pressure osmometry
(VPO)

Vulcaprene elastomers, 200
Vulkollan, 201

Wagener, Kenneth B., 431
Wang, Sheng, 327
Water

in formaldehyde synthesis, 377–378
polyimide synthesis in, 303–304
reaction of isocyanates with, 225

Water absorption, in polyamides, 143–144
“Water-blown” foams, 225
Water-borne alkyd resin formulations, 31
Water-borne polyurethane dispersion

(PUD), 253–254
Water-borne systems, 237–238
Water content, in polyamidations,

151–152, 154
Water-soluble poly(p-phenylene), 493
“Water reducible” materials, 237
WAXS. See Wide-angle x-ray

spectroscopy (WAXS)
Weathering tests, 245
Wholly aromatic liquid crystalline

polyesters, degradation of, 38
Wholly aromatic polyamides, 136–137,

139 synthesis of, 184–189
Wholly aromatic polyesters, 25–26, 32

copolymerization and, 35
synthesis of, 71–72

Wide-angle x-ray spectroscopy (WAXS),
140, 163

Wood binder, preparation of, 257
Working time, 232
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X-ray diffraction, 163
Xydar, 52
Xydar SRT-506, 48
Xylene–water azeotropic mixture, 64
2,4-Xylenol, 393

reaction with benzoxazines, 395

reaction with para-trishydroxy-
benzylamine, 396–397

Ziegler–Natta catalysis, 431, 449
Zinc diacetate catalysts, 71
Zirconium alkoxides, 68




